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CONSPECTUS: Highly polarized compounds exhibiting intramolecular charge
transfer (ICT) are used widely as nonlinear optical (NLO) materials and red
emitters and in organic light emitting diodes. Low-molecular-weight donor/acceptor
(D/A)-substituted ICT compounds are ideal candidates for use as the building
blocks of hierarchically structured, multifunctional self-assembled supramolecular
systems. This Account describes our recent studies into the development of
functional molecular systems with well-defined self-assembled structures based on
charge-transfer (CT) interactions. From solution (sensors) to the solid state
(assembled structures), we have fully utilized intrinsic and stimulus-induced CT
interactions to construct these functional molecular systems.
We have designed some organic molecules capable of ICT, with diversity and
tailorability, that can be used to develop novel self-assembled materials. These ICT
organic molecules are based on a variety of simple structures such as perylene
bisimide, benzothiadiazole, tetracyanobutadiene, fluorenone, isoxazolone, BODIPY, and their derivatives. The degree of ICT is
influenced by the nature of both the bridge and the substituents. We have developed new methods to synthesize ICT compounds
through the introduction of heterocycles or heteroatoms to the π-conjugated systems or through extending the conjugation of
diverse aromatic systems via another aromatic ring.
Combining these ICT compounds featuring different D/A units and different degrees of conjugation with phase transfer
methodologies and solvent-vapor techniques, we have self-assembled various organic nanostructures, including hollow
nanospheres, wires, tubes, and ribbonlike architectures, with controllable morphologies and sizes. For example, we obtained a
noncentrosymmetric microfiber structure that possessed a permanent dipole along its fibers’ long axis and a transition dipole
perpendicular to it; the independent NLO responses of this material can be separated and tuned spectroscopically and spatially.
The ready processability and intrinsically high NLO efficiency of these microfibers offer great opportunities for applications in
photonic devices. We have also designed molecular sensors based on changes in the efficiency of the ICT process upon
complexation of an analyte with the D or A moieties in the ICT compounds. Such sensors, which display evident Stokes shifts or
changes in quantum yields or fluorescence lifetimes, have promise for applications in chemical and biological recognition and
sensing.
In this Account, we shed light on the structure−function relationships of these functional molecular systems with well-defined
self-assembled structures based on ICT interactions. The encouraging results that we have obtained suggest that such self-
assembled ICT molecular materials can guide the design of new nanostructures and materials from organic systems, and that
these materials, across a range of compositions, sizes, shapes, and functionalities, can potentially be applied in the fields of
electronics, optics, and optoelectronics.

1. INTRODUCTION

Because of their potential applications in diverse fields (e.g.,
molecular electronics, light−energy conversion, catalysis,
sensors), organic functional molecular systems with well-
defined structures and morphologies have attracted great
attention in recent years.1,2 Intermolecular interactions, most
commonly hydrogen bonding, π−π, and electrostatic inter-
actions, can be used to tune the factors influencing the self-
assembly and final morphologies of these systems; liquid−
liquid or liquid−solid interfaces can be used to form these
ordered molecular aggregates;3,4 and chemical reactions
between particles can also be used to form some ordered
aggregates.5,6 Research into the ordered self-assembly of

functional molecules is very active, with potential applications
in photonic and electronic devices.7

π-Conjugated molecules are endowed with characteristic
electronic and optical properties because of their fairly
delocalized (moving) electrons. Well-defined π-conjugated
molecules are often investigated to obtain insight into the
relationship between structure and electronic properties.8 The
great advantages of small π-conjugated molecular systems,
namely, ready availability, ease of synthesis, and high purity,
render them attractive components for device applications in,
for example, light emitting diodes, light modulators, and field
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effect transistors.9,10 To realize expected functions, both the
chemical composition of the π-conjugated molecules and the
degree of organization or alignment of their molecular chains
must be controlled. Controlling the different hierarchies of the
aggregates, from molecules to devices, is the most critical
issue.11,12 The planar geometries in π-conjugated molecules
allow the formation of stacked assemblies; interchain electronic
coupling will determine the performance of π-conjugated
systems within electronic devices.13

Compounds that undergo intramolecular charge transfer
(ICT) are typically π-conjugated systems that feature an
electron donor (D) and an electron acceptor (A) connected
through a π-conjugated bridge. In the solid state, the properties
of ICT compounds are determined not only by the intrinsic
features of their component moieties but also by their
molecular packing.14 Control over the relative orientation of
the component parts and subtle modulation of intermolecular
overlap are very important aspects for ensuring desired
functions. ICT interactions are used widely to construct low-
dimensional organic and organic/inorganic hybrid nanomateri-
als15−18 and related supramolecular systems.19 The D/A
dipole−dipole interactions between ICT molecules have
recently been used as a facile but valid force to induce the
growth of organic nanostructures.20,21 The assembly of strongly
polarized red-emitting dyes into morphologically controllable
nanostructures for use in light-emitting nanodevices and
biological nanosensors has been successful when overcoming
the aggregation-caused emission quenching (ACQ) effects of
these materials.22 Designing additional ICT compounds with
structural and functional diversity and tailorability is a
promising means of fabricating well-formed supramolecular
architectures with desirable sizes, shapes, and functions.
In this Account, we summarize our attempts at designing

organic ICT molecules that can be used to develop novel self-
assembled materials, driven by their unique properties. We
describe techniques for precisely controlling the sizes, shapes,
and morphologies of these ICT compounds as well as
understanding their self-assembly processes. Finally, we discuss
the optical properties of these systems and how supramolecular
sensor systems can be developed based on the tunable ICT
processes of ICT chromophores.

2. THE NATURE OF ICT
Charge transfer (CT) is an important feature in several
chemical and biological processes.23 A CT complex or electron
D/A complex is formed through the association of two or more
molecules (intermolecular) or of different parts of one large
molecule (intramolecular), with a portion of the electronic
charge being transferred between the molecular entities.24

Upon CT, a pair of ions is generated, with the D moiety
becoming cationic and the A moiety becoming anionic. The
resulting electrostatic attraction provides a force that stabilizes
the molecular assembly. Many such complexes can undergo an
electronic transition into an excited electronic state. The
excitation energy of this transition often occurs in the visible
region of the electronic spectrum, forming a feature described
as a CT band, leading to a characteristically intense color for
such molecules. For ICT in the excited state, several models
have been discussed in the literature based on the molecular
structure of the final state reached upon photoinduced ICT,
including planar intramolecular charge transfer (PICT) or
twisted intramolecular charge transfer (TICT).25 For example,
ICT has been proposed as being responsible for the strongly

Stokes-shifted additional fluorescence band of fluorescent
molecules featuring two fluorescence bands (dual fluorescent
molecules). Resonance Raman spectroscopy26 is also a
powerful technique for analysis of CT bands in these ICT
systems.
The ability to control the degree of CT in a π-conjugated

push−pull system is a key factor for ensuring practical
applications, such as the design of nonlinear optical (NLO)
materials.27 For a donor−bridge−acceptor (D−B−A) system,
ICT is influenced by the nature of both the bridge and the
substituents. The degree of ICT for a push−pull system can be
estimated from the electronegativities and polarizabilities of the
push and pull systems. In particular, when the D moiety is
highly electropositive, the polarizability of the A moiety
becomes a critical factor affecting the degree of ICT.28 The
rate of CT through insulating molecular spacers depends
strongly on the nature of the chemical bonding of the spacer.29

These principles provide us with facile strategies for the design
of novel ICT compounds and for the assembly of ICT
compounds with expected functions, as well as development of
smart sensor systems based on tuning of the ICT processes.

3. DESIGN AND SYNTHESIS OF ICT COMPOUNDS
The design and synthesis strategy of the ICT compounds is an
important topic for controlled self-assembly of novel functional
molecular systems. This Account discusses the assembly
characteristics of a series of ICT compounds that is held
together with π−π interactions and other weak intermolecular
interactions such as hydrogen bonding, CH−π, electrostatic,
van der Waals, and dipole−dipole interactions. These aromatic
molecules are composed of normal aromatic chromophores
(such as perylene bisimide, benzothiadiazole, or oligo(p-
phenylene vinylene)) substituted by functional groups. The
design principle explored was how to use the functional groups
for these compounds to tune the intramolecular charge transfer
characteristics and supply supramolecular interactions for
conformations that are predisposed to form 0- or 1-D
nanostructures. Throughout the text, we will denote these
ICT compounds by naming the core chromophores and
following them by an Arabic numeral.
The introduction of heterocycles or heteroatoms to a π-

conjugated system is a facile approach toward the construction
of ICT compounds, with the lone pairs of electrons of the
heteroatoms being used as electron donors. Substitution of OH
groups on the bay region of perylene bisimide (PBI) renders a
chromophore with ICT properties.30 The J-aggregation proper-
ties of these dihydroxyperylene bisimides suggest the possibility
of assembling nanostructures having specific dimensions and
sizes. Whereas PBI-1 and PBI-2 form spherical particles having
a uniform diameter of approximately 200 nm, the benzylimi-
dazole-substituted compound PBI-3 provides hierarchical
structures with right- and left-handed double-helical fibers
(Figure 1). Introducing a nitrogen atom into the bay region of
PBI has provided the compounds PBI-4 and PBI-5;31 these N-
heterocycle-annulated PBIs exhibit distinct optical and
electronic properties because of significant electronic coupling
between their heteroatom/heterocycles and their PBI cores.
Phototriggered intramolecular cyclization of a 2-anthracene-
substituted PBI enlarges the aromatic π-system of the PBI along
its equatorial axis to provide novel ICT compounds,32 in which
strong ICT quenches the fluorescence of the linear compounds
PBI-6. In the zigzag constitutional compounds PBI-7, twisting
of the aromatic cores, driven by steric congestion between the
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9-H atom of the anthracene unit and the neighboring hydrogen
atoms on the perylene core, greatly decreases electronic
communication between the anthracene and perylene units.
The nature of the substituent groups greatly influences the

structural and photophysical properties of D/A molecules. For
example, installation of a triazole moiety into the benzothia-
diazole cores of N,N-dimethylaniline- and benzothiadiazole-
based D/A molecules (BTD-1, BTD-2, BTD-3, BTD-4) can
improve the optical properties and crystal packing of these
benzothiadiazole derivatives.33 Tuning of the emission color of
bis-dipolar trimeric oligo(p-phenylene vinylene) (OPV)
materials has been achieved through the appending of push−
pull electron groups at the two ends (OPV-1−7).34 Two cyano
groups attached to both sides of the OPV gave OPV−8, with
ICT processes occurring between the cyano groups and the
OPV core.35

4. ASSEMBLY OF ICT COMPOUNDS INTO VARIOUS
STRUCTURES

ICT compounds can be self-assembled into rather distinct solid
superstructures driven by supramolecular interactions such as
asymmetric and symmetric dipole−dipole interactions, axial
coordination. The rapid [2 + 2] cycloadditions between
tetracyanoethylene (TCNE)/7,7,8,8-tetracyanoquinodime-
thane (TCNQ) and alkynes substituted with electron-donating
groups (EDGs) and electron-withdrawing groups (EWGs) have
provided a series of ICT compounds, tetracyanobutadienes
(TCBDs) (Figure 2). The OPV3-bridged ICT compound
TCBD-1 can undergo a morphological transition in its self-
assembling process, from zero-dimensional (0D) hollow
nanospheres to one-dimensional (1D) nanotubes.22 The

model ICT compound TCBD-2, which features the same D/
A pairs as TCBD-1, can undergo a similar morphological
transition from 0D to 1D nanostructures. Compound TCBD-3
undergoes a similar morphological transition and reconstruc-
tion process from 0D hollow nanospheres to 1D tubular
microstructures.36 The morphological transitions and recon-
struction processes of these ICT compounds have been
proposed as “curvature strain releasing” processes driven by
D/A dipole−dipole interactions.37 By controlling the axial
coordination of zinc porphyrin with 4,4′-bipyridine, an
amphiphilic porphyrin derivative DOCP-Zn has been utilized
to construct tunable nanostructures from 0D to 1D.38 The
patterns conversion between 0D nanospheres and 1D nanorods
or nanoslices can be reversibly realized by the construction or
destroy of the axial coordination interaction.
The molecular structures such as the nature of the linkage

between the D and A units influence the self-assemblied
structures and photophysical properties of ICT compounds.
The furan-substituted compounds PBI-8 and PBI-9 can be
assembled into highly stable 0D nanospheres and 1D
microrods, respectively (Figure 3). PBI-8 might initially
precipitate at the interface between the two solvents and
assemble into a curved surface with π−π stacking aggregation
between the D moiety (furan unit) and the A moiety (perylene
plane); accordingly, nanospheres could be formed. After
photocyclization at the bay region, the furan group extends
the conjugation of the perylene core along the short molecular
axis. With the enlargement of the aromatic core system, the
ability of these aromatic molecules to undergo π−π stacking
was enhanced, resulting in uniform microrod structures.39 The
D/A molecules BTD-5 and BTD-6 contained carbazole
moieties as their D moieties and a NO2-substituted
benzothiadiazole as their A moiety.40 X-ray crystal data
elucidated multiple intermolecular interactions in these
systems. These interactions were the main driving forces
directing the self-organization of the microstructures, with the
different linkages exhibiting distinctly different self-assembly
behavior. BTD-5 with benzene linkage preferred to form
cubelike microstructures at room temperature (Figure 4a),
while BTD-6 linked by benzenethynyl group formed rigid
nanowires (Figure 4d). A series of D/A molecules with N,N-
dimethylaniline or carbazole as the common electron D moiety
and 3-phenyl-5-isoxazolone as the electron A moiety (ISO-1,
ISO-2, ISO-3) has been synthesized to further study the affect
of the D units and linker groups on the self-assembly and
photophysical properties of ICT compounds.41 Using phase
transfer methodologies and solvent-vapor techniques, these
compounds self-assembled into various superstructures, includ-
ing ribbonlike architectures, hollow nanospheres, multilayer
plates, and rhombic microplates (Figure 4g−o).
The operating parameters, such as the temperature,

concentration, and growth time, greatly influence the
morphologies of the molecular aggregates in the different
self-assembled systems, due to the different types of hydrogen
bonds and π−π stacking interactions in the different chemical
environments. The morphologies of the final architectures are
also affected by the shape of the precursor crystal seeds.42 The
ICT molecules BTD-7 and BTD-8, which each feature a
carbazole unit as the D moiety and a benzothiadiazole unit is
the A moiety, have been designed to tune the molecular
aggregate structures (Figure 5).43 The controllable aggregate
structures of these ICT compounds include highly uniform
tubule-, rod-, and cubelike architectures, obtainable in large

Figure 1. Molecular structures of several ICT compounds.
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quantities and with high morphological and chemical purity.
For BTD-7, the crystallization occurred at the interface
between the THF and hexane layers, which functioned as a
soft template. The rate of crystallization at the interface
between the two phases was higher than that for the diffusion
of BTD-7 from the THF phase into the hexane phase because

of the poor solubility of BTD-7 in hexane. Therefore, BTD-7
tends to stack along the c-axis, due to strong π−π interactions
and hydrogen bonds. The tubular structure readily formed
along the growth direction of the template wall. The growth
rates along the wall exceeded the growth rate in the middle of
the template; at the same time, redissolving occurred initially at

Figure 2.Morphological transitions of ICT compounds, from 0D to 1D nanostructures. SEM images of TCBD-2 nanospheres (a) and 1D nanowires
(b). TEM images of TCBD-1 hollow nanospheres (c) and 1D nanotubes (d). Reprinted with permission from ref 22. Copyright 2008 American
Chemical Society. SEM images of compound TCBD-3 0D hollow nanospheres (e) and 1D tubular microstructures (f). Schematic outline of the
aggregate structure conversion procedure (g). SEM images of the nanostructures of DOCP-Zn-bpy complex in CHCl3/cyclohexane (v/v 1:1) (h)
and pattern conversion from nanospheres to nanorods in CHCl3/MeOH (v/v 1:1) (i) or nanoslices in i-PrOH (j), and experimental procedure (k).
Adapted from refs 22, 36, and 38.

Figure 3. (a) SEM and (b) LSCM images of PBI-8 aggregates and (c) SEM and (d) PL microscopy images of PBI-9 aggregates prepared at room
temperature in CH2Cl2/MeOH (1:1, v/v). Adapted from ref 39.
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the center of the high-energy facet, due to its surface energy
being the highest among all of the facets of the 1D aggregate,
and then continued toward the inside along the c-axis. As a
result, a perfectly crystalline tubule-like structure resulted. In
contrast, the growth rates and growth directions of the
molecular aggregates were identical when using EtOH/THF
as the soft template, due to weakened hydrogen bonding
interactions; accordingly, 1D rod-like structures were obtained.

The temperature also greatly influenced the formation of the
nanostructures. BTD-5 formed cubelike microcrystals from a
saturated THF solution at room temperature (Figure 4a),
whereas 1D nanowires were assembled at elevated temperature
(Figure 4b). BTD-6 formed rigid nanowires after injection of its
saturated THF solution into vigorously stirred hexane (Figure
4d). In contrast, 1D microrods were observed after cooling a
saturated THF solution of BTD-6 naturally from under reflux

Figure 4. (a) SEM images of cubiclike microcrystals and (b) nanowires of BTD-5; (d) nanowires and (e) microrods of BTD-6, SEM and TEM
images of (g, h) ISO-1, (j, k) ISO-2, (m, n) ISO-3. Confocal fluorescence microscopy images of (c) BTD-5, (f) BTD-6, (i) ISO-1, (l) ISO-2, and (o)
7 excited with a UV band (330−380 nm) light source. Adapted from refs 40 and 41.
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(at 70 °C) to 25 °C in an oil bath and keeping the system
undisturbed for more than 6 h (Figure 4e).
Controlling the concentration and growth temperature

allows the D/A molecule tripyrenylborane TPB to readily
form solid supermolecular structures, including 1D nanowires,
nanofibers, and nanorods (Figure 6). Triarylboranes react with
small nucleophilic fluoride anions because of their intrinsic
Lewis acidity, resulting in modulation of the CT interactions
between the pyrene unit and the B atom. Upon the addition of
fluoride, the absorption bands of TPB near 275 and 345 nm
weakened and a new absorption band appeared at 440 nm; in
addition, the emission bands of TPB near 385, 405, and 427 nm

weakened and a new red-shifted emission band appeared at 450
nm. The fluorescence quenching properties of TPB solid
materials upon the addition of fluoride ions indicate that TPB
materials have potential applications in the detection and
separation of fluoride anions.44

The molecular aggregation of ICT compounds can also be
controlled in supramolecular systems (e.g., molecular shut-
tles).45 The ICT compound TCBD can form regular
nanostructures by virtue of intermolecular dipole−dipole
interactions.22 After attachment of TCBD to the threadlike
component of a molecular shuttle, the aggregation behavior of
the TCBD unit could be modulated by the shuttling movement

Figure 5. (A) Crystal structures of (a) BTD-7 and (b) BTD-8. (B) Schematic representation of the self-assembly processes of BTD-7. (C) Large-
area SEM, TEM, and confocal fluorescence microscopy images of (a−f, i−k) BTD-7 (a, b, i) microtubes, (c, d, j) microrods, (e, f, k) microcrystals;
and (g, h, l) BTD-8 microrods. (D) (a) Microarea PL images obtained after exciting a microrod at different positions; down arrow, excited site; up
arrow, emitted tip; scale bar, 20 mm. (b) Corresponding PL spectra in (c). Adapted from ref 43.
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of the macrocyclic component along the threadlike component
(Figure 7). For the threadlike unit itself (TCBD-4), the
aggregation behavior of the TCBD unit is controlled solely by
the choice of solvent. In the [2]rotaxane TCBD-5, the
macrocyclic component can be positioned close to or far
from the TCBD unit upon changing the solvent polarity; thus,
the aggregation behavior of the TCBD unit is also influenced

significantly by the movement of the macrocyclic component.
The macrocyclic component resided at the peptide station in a
mixed solvent of CHCl3/n-C6H14 (1:1, v/v); interlaced
nanofibers were formed because of the intermolecular
dipole−dipole interactions of the TCBD units. In CHCl3/
MeOH (1:1, v/v), although the macrocyclic component was
located at the peptide station, perforated capsules were formed

Figure 6. SEM images of self-assembled TPB structures on silicon slices, prepared in THF/MeOH (v/v, 1:1) at temperatures of (a) 25 °C
(nanowires), (b) 40 °C (nanofibers), and (c) 40 °C (nanorods). Concentration of TPB: (a, b) 5 × 10−4 M; (c) 2 × 10−4 M. (d) UV−vis and (e)
fluorescence spectra of TPB (5 × 10−5 M in CH2Cl2) upon titration with n-Bu4NF from 0 to 50 equiv. (f) Schematic representation of the
aggregation of TPB and of the solid blue-fluorescence quenching in the presence of fluoride anions. Adapted from ref 44.

Figure 7. (A) Chemical structure of a molecular shuttle presenting an attached ICT chromophore unit. (B) Self-assembly of TCBD-4 and TCBD-5
under various conditions. Adapted from ref 45.
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as a result of the amphiphilic properties of the molecular
structure. In DMSO, wormlike nanoparticles were obtained
because the macrocycle obstructed the intermolecular dipole−
dipole interactions of the TCBD units. Therefore, the
aggregation behavior of ICT compounds can be controlled by
the shuttling movement of macrocyclic components in
molecular shuttles.45

These parameters influenced the thermodynamic equilibrium
for self-assembly, which induced assembly structural difference.
Based on concepts of crystal growth, the nucleation sites, the
nucleation rate, and the growth rate can be influenced by
assembly solvents, growth temperature, and concentration of
the precursor.46 From the above discussion we can say that the
molecular structures control the morphology and the precursor
concentration controls the nucleation density, while the
temperature controls the aspect ratio and morphology. For
solvents with strong interactions with the precursors would
influence the molecular packing styles, while for the solvents
with little interactions with the precursors would mainly control
the growth rate of the aggregate and then control the aspect
ratio. Nevertheless, only one parameter was considered. We
believe that the morphological and structural characteristics of
the assembled aggregates can be controlled by simply tuning
the above-mentioned growth parameters.

5. ASSEMBLY OF ICT COMPOUNDS WITH TUNABLE
OPTICAL PROPERTIES

The properties of ordered molecular assemblies can vary from
those of their individual constituent molecules.2−5 The
photophysical properties of π-conjugated compounds in the
solid state depend largely upon their mode of molecular
packing, which can be tuned by various noncovalent forces. For
example, the relative positions of adjacent molecules and the
directions of their dipole moments can strongly influence
luminescence, exciton migration, and carrier mobility. Well-
ordered porphyrin films have exhibited a saturation absorption
having a nonlinear absorption coefficient (β) of −4.3 × 10−6 m
W−1 and a nonlinear refraction coefficient (η2) of 2.8 × 10−13

m2 W−1; this latter value is 3 orders of magnitude greater than
that measured in solution.47

ICT compounds possessing high hyperpolarizabilities are
employed widely as second- and/or third-order NLO
chromophores.48 The main requirement for the development
of a material for second-harmonic generation (SHG) from
these ICT compounds is that the NLO chromophores should
be arranged noncentrosymmetrically.49 Having synthesized the
V-shaped fluorenone-based ICT compound 2,7-diphenyl-9H-
fluoren-9-one (DPFO),50 we obtained microcrystals with
widths ranging from several to tens of micrometers and lengths

Figure 8. (A) Morphology and molecular packing of DPFO microfibers. (B) Linear and nonlinear optical responses of DPFO. (a) UV−vis
absorption and PL spectra of DPFO in solution and in the aggregation state. (b) Spectra collected from a fixed spot of a microfiber when pumped at
different wavelengths, normalized by the power of the input laser. (c) Logarithmic plots of the power dependence of SHG and TPF. (C)
Waveguiding behavior of SHG and TPF. (a) Microscopy image of a DPFO microfiber excited in the middle spot; excitation, 800 nm; substrate,
MgF2; scale bar, 5 μm. (b) Corresponding spectra of the excitation spot (blue circle) and outcoupled spot (green circle). Adapted from ref 50.
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of up to several millimeters (Figure 8A-c). The single crystals of
the DPFO fibers were indexed with the bulk-crystal lattice
constants, suggesting that the microfibers grew along the [001]
direction (Figure 8A-d). Powder XRD of the microfibers
indicated that the thin axis of the microfiber perpendicular to
the substrate was the b-axis (Figure 8A-e). Noncovalent
interactions among DPFO molecules along the different
crystallographic axes led to these thin and long microfibers
(Figure 8A-f). The molecular dipoles contributed to the
macroscopic permanent dipole moment of the microfiber: the
long axis of the microfibers was the crystallographic c-axis and
the permanent dipole of the molecules was also directed along
this direction.
The molecular dipolar structure of DPFO and the Ccm2 1

space group results in strong second-order NLO properties. At
half the wavelength of the incident beam, a sharp SHG band
was observed, while a much broader band was observed at
higher wavelength (Figure 8B-b).50 The broad band is similar
to the fluorescence spectrum; it is attributed to two-photon
fluorescence (TPF). Although the wavelength of the SHG band
depended on the frequency of the incident laser, the TPF was
always fixed at 530 nm and exhibited a variation in only the
intensity of the peak (Figure 8B-b). Power-dependence
measurements (Figure 8B-c) revealed that the intensities of
both the SHG and TPF signals scaled quadratically with the
power of the input laser, confirming that both NLO processes
originated from two-photon excitation. The intensities of the
SHG and TPF signals could be tuned conveniently through
changes in the polarization and incidence angle of the light
(Figure 8B-d). The unusual extremely high polarization ratio
for an organic material makes DPFO ideal for use in logic
devices. Furthermore, its SHG and TPF signals can readily be
separated macroscopically by taking advantage of their different
waveguiding behaviors. The combination of polarization and

waveguiding effects provided us with the opportunity to up-
convert to different frequencies at different locations within the
same sample. For example, a bright blue spot appeared at the
excitation location of the fiber when pumped at 800 nm, while
the green TPF propagated to the edges of the microfiber
(Figure 8C-a).50 Spectra recorded from the excitation spot of
the microfiber and the guided spot at the edge of the microfiber
(Figure 8C-b) revealed that the SHG signal was obtained
exclusively at the excitation spot, whereas the TPF signal was
observed only at the guided spot. The highly directional
properties of SHG led to its nonpropagation. The TPF signal,
however, readily propagated to the edges of the microfiber,
indicating that this microfiber acted as a waveguide for this
emitted light. We could tune independently the intensity of
either the SHG or TPF signal. Thus, the orientation of dipoles
is an important and essential design parameter for future
organic NLO materials.
Most D/A-substituted compounds suffer from ACQ in the

solid phase, greatly limiting their applications. We have
observed aggregation-induced emission (AIE) effects for several
of our ICT compounds, including the carbazole- and
benzothiadiazole-based BTD-7 and BTD-8 (Figure 5); the
N,N-dimethylaniline- and benzothiadiazole-based BTD-1 (2, 3,
4), BTD-5, and BTD-6 (Figure 4); TCBD-1; and the 3-phenyl-
5-isoxazolone-based ISO-1, ISO-2, and ISO-3 (Figure 4). These
prepared nanostructures exhibit green, yellow, and especially
red emissions. In addition, the distance-dependent photo-
luminescence image of a single microrod of BTD-8 measured
using a near-field scanning optical microscope indicated that
these microrods possess outstanding optical waveguide proper-
ties, with a waveguide efficiency (a) of 0.018 dB μm−1 and no
obvious red-shift (Figure 5D).43 The furan-substituted perylene
bisimide PBI-9 also possesses good optical waveguide proper-

Figure 9. (a) Proposed mechanism for the fluorescence emission enhancement of PBI-10 after self-assembly induced by the special wavelength of
the laser. (b, c) Time-dependent intensity plot of the fluorescence emission and (d) time-dependent emission spectra of self-assembled spherical
nanoparticles of PBI-10. Adapted from ref 51.

Accounts of Chemical Research Article

dx.doi.org/10.1021/ar400264e | Acc. Chem. Res. 2014, 47, 1186−11981194



ties (inset of Figure 3d). These materials have potentially highly
interesting applications in optical devices.
The self-assembly of a new p-phenylenevinylene−linked

perylene diimide, PBI-10, in CH2Cl2/hexane leads to 0D
nanospheres having a diameter of approximately 800 nm
(Figure 9b).51 From studies of the fluorescence enhancement
behavior of PBI-10 induced by laser irradiation, we proposed a
conformation-dependent mechanism.51 First, because of
intermolecular steric clashes of the 2,6-diisopropylphenyl
groups and intermolecular van der Waals interactions among
the oxyalkyl chains, PBI-10 stacks with an angle of
approximately 101° between two adjacent intermolecular
double bonds with the face-to-face π−π-stacked middle
benzene ring as a center; this style is repeated every two
adjacent molecules (Figure 9). Second, under irradiation from a
laser at 515 nm, the molecules obtain sufficient energy to
overcome the rotational energy barrier and rotate on their axes
to and fro at the balance position; that is, the molecules change
from one conformation to another. Because of the steric bulk of
adjacent molecules in the self-assembled solid state, the
molecule rotates to a position in which the p-phenylenevinylene
unit is almost perpendicular to both sides of the perylene units
and is stuck fast and frozen; this alignment decreases
interactions between the D (p-phenylenevinylene) and A
(perylene) moieties, thereby leading to the appearance of the
emission of the J-stacked perylene diimide itself. This
mechanism differs from the fluorescence bleaching of normal
solid-state-fluorescent materials; accordingly, such materials
have interesting potential applications in optical devices.
Binding of some chemical species to the D or A moieties of

ICT compounds can affect the efficiency of ICT processes,
resulting in changes in dipole moments.25 Indeed, Stokes shifts
of the fluorophores and changes in quantum yields and
fluorescence lifetimes are often observed. Thus, it is possible to
design molecular sensors that function based on changes in the
efficiency of an ICT process. For a BODIPY (4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene) chromophore functionalized with
two dithiadioxaaza macrocycles, photoinduced electron transfer

(PET) and ICT have both been invoked to rationalize its
fluorescence response toward Hg2+ ions (Figure 10).52 The
optical absorption spectra of compound DMS1 exhibits an
absorption maximum at 606 nm, a red-shift, due to ICT, of
approximately 100 nm relative to that of BODIPY itself. The
addition of Hg2+ ions led to a hypsochromic shift of the
absorption maximum to 564 nm, tuning the color of the
solution from purple to red-pink. ICT from the nitrogen atom
of the D moiety of the macrocycle to the BODIPY
chromophore led to the red-shift of the emission of this
compound relative to that of unfunctionalized BODIPY.
Coordination of a Hg2+ ion to the dithiadioxaaza macrocycle
decreases the electron donating ability of the nitrogen atom and
disrupts the ICT process, leading to a hypsochromic shift of the
emission band. In addition, PET quenching of the BODIPY
excited state by the lone pair of electrons of the nitrogen atom
was alleviated upon complexation of the Hg2+ ion, thereby
inducing fluorescence enhancement. DMS1 can be used for the
ratiometric detection of Hg2+ in terms of both fluorescence and
color changes. By tuning the ICT process, we also constructed
a new type of near-infrared (NIR) probe, Mcy-1, that functions,
through a colorimetric assay, to detect Hg2+ ions specifically
(Figure 10).53 An efficient excited state ICT process from the
nitrogen atom of the D unit on the dithia-dioxa-monoaza
macrocycles to the tricarbocyanine group of the A unit leads to
a blue-shift of 88 nm of the absorption of Mcy-1 relative to that
of the parent dye. Upon the gradual addition of Hg2+ ions, the
intensity of the absorption band of Mcy-1 at 695 nm decreased
sharply, while the intensity of a new band at 817 nm increased
prominently with a single isosbestic point at 740 nm. The
coordination of the Hg2+ ion to the ligand decreased the
electron donating ability of the nitrogen atom at the
macrocycle; as a result, the ICT process could not occur and
the blue-shift in the absorption spectra was suppressed. A blue
solution of Mcy-1 becomes almost colorless upon titration with
Hg2+ ions, thereby providing the possibility of detection of
Hg2+ ions with the naked eye. Prevention of excited-state ICT

Figure 10. Tuning ICT processes through complexation with cations or anions. Adapted with permission from refs 52 (Copyright 2007 American
Chemical Society), 53 (Copyright 2008 American Chemical Society), and 54.
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from the D unit to the A unit induced a strong decrease in
fluorescence upon complexation with Hg2+ ions.
In addition to cation sensing, the sensing of anions can also

be realized through tuning of ICT processes. For DCN-OH,
which contains an electron-poor 2,2-dicyanovinyl group,
deprotonation of the OH group resulted in a red-shift of the
CT band, arising from the electron-rich phenoxide unit to
electron-poor dinitrile moiety, in the UV−vis spectrum (Figure
10).54 A dramatic change in color, from colorless to yellow,
occurred upon the addition of tetrabutylammonium fluoride to
a solution of DCN-OH; the intensity of the emission band at
408 nm increased gradually along with the simultaneous growth
of a new strong emission band at 580 nm, which is ascribed to a
TICT state resulting from internal rotation of the dicyanovinyl
group with respect to the benzene ring being limited upon the
formation of intramolecular hydrogen bonds between the
phenoxide anion and the dicyanovinyl Hc atom or the triazole
CH unit. Thus, a colorimetric fluorescence chemosensor was
obtained.

6. CONCLUSIONS AND PERSPECTIVES
This Account covers progress in the synthesis, self-assembly,
and properties of functional molecular systems with well-
defined assembled structures based on CT interactions. The
rational design of ICT molecules that are easy to assemble and
display clear structure−property relationships can be employed
to develop novel functional systems. We have reviewed new
methods for synthesizing ICT compounds through the
introduction of heterocycles or heteroatoms to π-conjugated
systems or through extending the conjugation of diverse
aromatic systems using other aromatic rings. The various D/A
moieties and different linkages of ICT compounds greatly
influence the morphologies and sizes of the organic aggregates,
as well as their photochemical properties. For example,
independent NLO responses can be separated and tuned
spectroscopically and spatially in noncentrosymmetric micro-
fiber structures; another application for ICT compounds is the
development of molecular sensors that function based on
tuning of the efficiencies of ICT processes. Despite great
achievements in functional molecular systems based on CT
interactions, especially for controllable aggregate nanostruc-
tures of ICT molecules with foreseeable applications in the
fields of electronics, optics, and optoelectronics, many
challenges remain. Further research will certainly increase our
understanding of these fundamental processes and their
applications. The search for highly efficient reactions for the
construction of stable, stimulus-responsive molecular systems
based on ICT remains one challenge; another is controlling the
alignment of the functional chromophores symmetrically or
noncentrosymmetrically. Theoretical methods for predicting
the preferred geometries of assemblies and the use of such
approaches as macromolecular scaffolding, field-assisted poled-
polymer alignment, and modern crystal engineering should be
investigated to generate the expected macroscopic arrange-
ments. We believe that new or improved chemical and physical
properties, induced through controlled self-assembly of ICT
compounds, will continue to be exploited for applications in
optics, electronics, and optoelectronics.
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