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Recent progress of optical functional nanomaterials
based on organoboron complexes with β-diketonate,
ketoiminate and diiminate

Kazuo Tanaka and Yoshiki Chujo

The synthesis and application of organoboron complexes are a highly relevant topic owng to their unique characteristics. Based

on their emissive properties, these complexes have been used to make novel optical materials and devices; boron β-diketonate is

a simple and robust organoboron complex. From a series of recent studies, unique and versatile optical properties have been

reported. In this review, we introduce the results of primarily recent studies on boron diketonate and related compounds

containing polymers and particularly explain their optical properties. Initially, the multi-emission of boron diketonate derivatives

and its application to biotechnology are explained. Next, the formation of nanostructures and its emission properties are

demonstrated. The modulation of optical properties by mechanical stress is also presented. Finally, recent progress in the

development of solid-emissive materials are shown with boron diketonates and their derivatives, which have aggregation-induced

emission properties. The versatility of boron diketonates as a building block for the preparation of functional optical materials is

the focus of this review.
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INTRODUCTION

Using heteroatoms or organometallic complexes for material designs,
unusual functions due to the effects of each element can be expected.
From the synergetic effects between a heteroatom and a conjugation
system, significant characteristics that are not attainable using only C,
H, O, and N are often obtained. Thus we can say that heteroatoms or
organometallic complexes are attractive building blocks for creating
high-performance materials based on molecular designs. We have
recently proposed the new ‘element-block’ concept, which describes
the various groups of heteroatoms.1 With this concept, organoboron-
conjugated molecules can act as a versatile platform for expressing
unique optical properties as a representative example of element
blocks. Boron belongs to the thirteenth group on the periodic table
and has one less electron than carbon. By connecting a conjugation
system with the tri-coordinated boron atom, the conjugation can be
elongated by the boron atom owing to the vacant p orbital; this can
occur even in the polymers.2 Various intriguing characteristics have
been obtained, such as low-lying LUMO orbitals, an improvement of
electron-accepting ability and a bathochromic shift of the absorption
and emission spectra. These low-lying LUMO levels are advantageous
for the design of organic light-emitting devices.3 Because of the strong
electron affinity of tri-coordinated boron, conjugation systems can
show strong affinities toward Lewis bases. Based on this fact, chemical
sensors have been constructed for anion sensing.2 Even rare electronic
states such as anti-aromaticity have been achieved with the

borafluorene structure with the tri-coordinate state of boron.4 How-
ever, because of the intrinsic instability of the tri-coordinate state of
boron, synthesis and material usages are still challenging. Compared
with tri-coordinate boron, the organoboron complexes with tetra-
coordinate boron generally exhibit higher stabilities. To date, various
types of luminescent materials involving tetra-coordinate boron have
been reported. For example, boron dipyrromethene derivatives are
well known to have superior optical properties, such as high light-
absorption and -emission abilities, sharp spectra and high photo-
stabilities and are used for a wide variety of applications in both
material science and biotechnology.5 Photoisomerization properties
have also been observed with organoboron compounds.6

Boron diketonates (Scheme 1) with tetra-coordinate boron atom
represent a classic organoboron complex. Because of the wide
acceptability of the β-diketonate ligand, various metal complexes
including boron can be readily constructed.7 Boron diketonates exhibit
high stabilities toward oxygen and moisture; only under strong
alkaline conditions or in the presence of an excess amount of fluoride
anion does degradation of boron diketonates occur. Most boron
diketonates exhibit difluoride forms and are highly planar. Boron
diketonates have been used as building blocks for constructing
nanoarchitectures. After complexation, certain optical properties can
be obtained using boron diketonates. For example, 1,3-diphenyl-2,3-
propanedione, which is the ligand moiety of boron diketonate that is
the primary focus in this review, exhibits marginal emission in the
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visible region. After the introduction of difluoroboron, a bright
emission can be observed from the resulting boron diketonate
complex (that is, boron difluoride dibenzoylmethane) in the blue
region. Because of the substituent effect on both sides of the aryl
groups, the optical properties of the material can be tuned. Since the
earlier reports on the optical properties, versatile functions have been
reported.8 Boron diketonates commonly have weak electron-accepting
abilities; therefore, Lewis bases often interact with boron diketonate
complexes. By connecting with electron-donating units, the inter-
molecular charge-transfer state should be formed, resulting in strong
emissive properties. By conjugation with other functional units and by
introducing the material into the conjugation systems, novel lumines-
cence properties have been reported and will be described later in this
review.
The emission properties of boron diketonates in the solution state

have been comprehensively examined since the early stage of research
in this field of study.8 The emission behaviors of boron diketonates
can be sufficiently explained by conventional theory; however, more
recently, unusual optical properties have been discovered. Particularly
in the condensed state or using intermolecular interactions, a series of
unique characteristics have been observed. In this review, these
luminescent properties of boron diketonates and related compounds
such as ketoiminates and diiminates are investigated in detail. Recent
topics from the preparation of optical materials to practical application
are presented. Initially, the multi-emission of boron diketonate
derivatives is introduced. Typically, a single emission band is obtained
from the molecule. Conversely, some boron diketonates can provide
dual emission bands in a given environment. This review describes
these results and the implications regarding applications they can have
in biotechnology. Next, the formation of nanostructures is demon-
strated. Precise controls for the formation of self-assembly structures
were accomplished. We also mention the characteristics of these
nanostructures. Conventional organic emissive dyes can emit only in
diluted solutions. It was found that some boron diketonate and
nitrogen-substituted complexes can exhibit significant emissions even
in the solid state. Additionally, the differences in the optical properties
between the crystal and amorphous states were obtained. Based on this
alteration, the modulation of optical properties by mechanical stress
was also achieved. Finally, recent progress of the development of solid-
emission materials is shown using boron diketonates and their
derivatives with aggregation-induced emission (AIE) properties. The
versatility of boron diketonates is described in this review.

LUMINOGENS FOR DUAL EMISSIONS

Dual-emission materials are feasible owing to their significant poten-
tial for use in organic opto-electronic devices, such as displays and
chemosensors. By maintaining or creating multiple excited states in
the material, the multiple emission bands in the different wavelength
regions can be achieved independently. For example, by loading red,
green and blue chromophores into polymeric matrices, white-light-
emissive materials that are used for illumination and a back light in

the liquid crystal-based display can be readily obtained.9 By modulat-
ing the mixing ratio of each luminescent component, precise color
tuning is possible. In these mixture systems, the loss in the intensity of
relatively higher energy colors (for example, blue or green) due to the
energy transfer can be canceled by modulating the mixing ratio. An
optical sensor based on a fluorescent, artificial nucleobase has also
been created for monitoring structural alterations in DNA.10 The
emission band for intramolecular charge transfer from the modified,
pyrene-substituted, fluorescent nucleobase was observed in the solu-
tion. Conversely, when the modified nucleobase is located in the
duplex, the modified pyrene moiety should be intercalated with
stacking. Subsequently, suppression of the molecular motion at the
excited state should occur. Finally, the dual-emission property from
the intrinsic intramolecular charge transfer and locally excited states
can be detected, resulting in a color change. This phenomenon is
applicable for the simple detection of DNA hybridization. As explained
above, multi-emission materials can be fabricated using the mixture
system. However, these materials would present the desired property
only under certain conditions, because there are potential difficulties
in material preparation, such as suppressing the energy transfer,
concentration quenching and phase separation of the components.
Thus dual-emission materials, particularly those based on single dye
molecules, should be useful for applications in various fields.
Fraser and colleagues have recently reported a series of the modified

boron diketonates with polymers and their dual-emissive properties
(Figure 1). It was shown that these materials are applicable for oxygen-
level mapping with cellular tissues and for in vivo imaging studies of
tumor hypoxia.11,12 Difluoroboron-substituted diketonates can show
the strong fluorescence that is attributable to π–π* transition or
intramolecular charge transfer. Boron diketonates intrinsically exhibit
phosphorescence. By introducing a halogen atom on one side of the
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Figure 1 (a) Chemical structures of dual-emissive boron diketonates.
(b) Picture of the solutions under aerobic and anaerobic conditions and
oxygen-level mapping with the cell. Panel (b) was adapted with permission
from Zhang et al.11 Copyright 2015 American Chemical Society.
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molecule, the phosphorescence property can be significantly enhanced
via the internal heavy-atom effect. Finally, these modified diketonates
show the dual-emission property via fluorescence and phos-
phorescence.13 Under aerobic conditions, only phosphorescence is
quenched. By calculating the intensity ratio between the fluorescence
and phosphorescence, and fitting with the standard line, the local
oxygen level around the diketonate can be estimated. For example,
difluoroboron dinaphthoylmethane polylactides were synthesized, and
halogens (for example, bromine and iodine) were substituted.14 All
materials showed fluorescence with a peak at approximately 510 nm
(that is, green). In addition, the iodine-substituted diketonate clearly
showed phosphorescence with a peak at approximately 560 nm (that
is, yellow). The nanoparticles were prepared with these materials, and
the oxygen levels were visually discriminated using ratiometric probes.
The dual-emission property was obtained by the combination of

boron diketonate and organometallic diketonate with different types of
cations. The diketonate-based dyad composed of boron and platinum
complexes was synthesized (Scheme 2).15 Dual emissions were
observed from the synthesized dyes by individually obtaining the
emissions from each organometallic complex. In acetonitrile, the dyad
presented two peaks at 541 and 579 nm, which can be attributable to
the fluorescence of boron and the phosphorescence of platinum
moieties, respectively. Based on lifetime measurements, it was
confirmed that the emission of the dyad primarily involves two
elements, both with short life times, which can be attributable to
fluorescence, and long life times, which can be attributed to the
phosphorescence. Although the fluorescence quantum yields of boron
diketonates were reduced owing to the introduction of platinum via
the heavy-metal effect in this study, the mixing spectra with the
emissions generated from the different spin multiplicities were
obtained. Organometallic diketonate complexes can show unique
and varied types of optical and electric properties. This strategy could
be applicable when developing new types of optical materials using
additional combinations of different pairs of metal elements.

BUILDING BLOCKS FOR CONSTRUCTING NANOSTRUCTURES

AND SUPRAMOLECULES

Optical properties are closely related to the electronic structure of the
molecules in a compound; thus chemical modification is the typical
method used to modulate these properties. Conversely, in the
condensed or solid states, molecular distribution and morphology
should significantly influence the electronic structures via intermole-
cular interactions. From this perspective, there is a possibility to create
new optical properties using the nanostructures and supramolecules
composed of boron diketonates, leading to the development of new
functional materials. In this section, the formation of nanostructures
and supramolecules and their optical properties are shown.
Boron diketonates can work as a mesogen to form liquid crystals

with emission properties. Therefore, boron diketonates can be

expected to work not only as building blocks for constructing
nanomaterials but also as luminogens in these nanostructures.
Turanova et al.16,17 reported liquid-crystal polymorphism with
2-alkyl-substituted boron diketonates with their luminescence
properties. From the investigation of the influence of the ligand
structure on the liquid-crystal properties, it was found that the
dodecyloxybenzoate-substituted complex exhibited a mesophase. The
typical emission band between 450 and 650 nm from the boron
diketonate moiety was observed. Cano and colleagues obtained the
series of luminescent liquid crystals based on boron diketonates.18,19

Asymmetric complexes were prepared with 1,3-alkoxyphenyl-substi-
tuted diketonate ligands to create boron difluoride.18 The emission
bands with peaks at approximately 490 nm were observed in the solid
state. In addition, mesophases were observed during the melting
processes in the differential scanning calorimeter profiles. The
existence of the banana-shaped liquid-crystal mesophases was present.
This unique mesophase structure could have originated from the
intrinsic shape of boron diketonate. Recently, the diketonate deriva-
tives formed discotic liquid crystals that exhibit hexagonal, columnar
mesophases from the polycatenar 1,3-alkyloxyphenyl boron
diketonate;19 it was found that the mesophases were obtained at
room temperature when the complexes possessed a highly symmetric
structure. These molecules also showed high fluorescent emissions in
the green region in the solid state. These bifunctional luminescent
mesogens are said to be potential materials for the preparation of soft
emission materials.
Molecular recognition using boron diketonate derivatives has been

accomplished and used as a driving force to form nanostructures.
Maeda et al.20 synthesized a series of 1,3-dipyrrole-substituted boron
diketonates and reported on their molecular recognition behaviors
with anion species (Figure 2). Dipyrrolyldiketone boron complexes,
which bind anions via the inversion of two pyrrole rings, were
synthesized. For example, in the presence of gallic acid derivatives, the
formations of mesophases were observed.20 Highly ordered structures,
including lamellar structures, were clarified from the structural
analyses. It was demonstrated that these structural parameters could
be modulated by the lengths of the alkyl chains in the anion species. In
particular, from the fused complex with the bowl-shaped π-conjugated
corannulene units, the emission property was observed from the
assembly state.21 Additionally, it was revealed that the electrical
conductivity through the supramolecular structures could also be
tuned. Similarly, based on the core π-planes in the presence of
aliphatic side chains, supramolecular gels and thermotropic liquid
crystals were obtained.22,23

Via conjugation with the commodity unit, additional functions
could be incorporated. Various types of asymmetric complexes and
tunable emissions have been reported.24–34 Emission colors can be
modulated both in the solution and in solid states. In addition, a
photo-responsive ketoiminate was obtained using a dithienylethene
unit.35,36 The electronic structures could be altered by photo-irradia-
tion, leading to the expression of photochromic behaviors (Scheme 3).
By introducing the functional groups directly onto the boron atom in
the diketonate complexes, these characteristics could be modulated.
The dipyrrolyldiketone derivatives were modified with 1,1′-2-naphthol
(BINOL) at the boron atom.37 Because of the chirality of the BINOL
moiety, the complexes showed circular dichroism. In particular, by
adding a chloride anion to the complex solutions, complexation
occurred. Finally, it was observed that both the circular dichroism and
circularly polarized luminescence (CPL) properties were enhanced;
this is the first example of a chemical-stimuli-responsive CPL-active
material.
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Scheme 2 Chemical structure and emission mechanism of the dyad with
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The tri-coordinate boron works as a strong Lewis acid owing to the
electron affinity originated from the vacant p orbital. Therefore, the
tri-coordinate, boron-containing conjugated molecules could be used
as building blocks in anion sensors. Kumar and Thilagar38 synthesized
the conjugated molecule with boron diketonate and triarylboron and
monitored the changes in the optical properties of the material by
adding anions. In the presence of fluoride and cyanide anions,
ratiometric changes in the emission spectra were observed; particu-
larly, the turn-on-type chemical sensor using a cyanide ion was shown
to have a high selectivity. Typically, it was difficult to discriminate
fluoride and other anion species. These data could be valid for the
design of chemical sensors using other anion species.

MECHANOFLUOROCHROMIC (MFC) MATERIALS

MFC compounds that show switchable photoluminescent properties
in response to mechanical stress are versatile materials for use in touch
panels and physical stress sensors; several diketonates and ketoiminates
have shown MFC behaviors.39–42 By grinding powder samples in the
crystal state, materials typically convert into the amorphous state; the
resulting molecular distribution would thus be randomized, and the
degree of intermolecular interactions should be significantly different.
As a result, changes in emission color or intensity can thus be
observed. In the case of boron diketonate, hydrogen bonding was
disrupted by grinding, resulting in a less ordered polymorph.43 As a
result, MFC behaviors were observed. As mentioned above, the
electronic structures of boron diketonates can be readily perturbed
by the intermolecular interaction, leading to the alteration of the

optical properties in the solid state. In this section, boron diketonates
with MFC properties are introduced.
Difluoroboran avobenzone was synthesized, and their optical

properties in the solid state were examined (Figure 3).44 Accordingly,
narrow-band and morphology-dependent fluorescence was observed.
In particular, it was found that mechanochromic fluorescence was
reversibly recovered even at room temperature. The difluoroboron
diketonate complex showed an emission band with a peak at 460 nm.
This blue-emission sample was ground; then the yellow color
(λem= 542 nm) was induced. After a few minutes, the yellow
fluorescence faded, resulting in a green-blue emission. With heating,
this process could be accelerated by several seconds; this implied that
the molecular distribution and the morphology in the sample could be
changed via the transition from the crystal to the amorphous state. As
a result, different luminescence colors were observed.
More recently, the MFC system with diverse responses was reported

(Figure 4).45 The luminescent organic crystal was prepared with boron
diketonate. Block orange crystals were obtained from a dichloro-
methane solution of boron diketonate. By smashing the orange crystals
with a stainless steel spoon, the fluorescence intensity increased. In
addition, the spectrum shifted to the blue region by 20 nm. From a
series of structural analyses, it was suggested that the fluorescence
emission after smashing could be originated from the cracked surfaces.
Next, the fragment crystals were ground by a mortar, creating the
amorphous phase; consequently, the crystal turned into weakly
orange-red luminescent powder. The broad emission band with a
broad peak at approximately 605 nm, which was shifted to the red
region by 40 nm compared with that of the smashed crystals, was
obtained. It was assumed that different molecular arrangements such
as π-stacked dimers had formed after grinding, which caused the red-
shifted luminescence observed. The influence on the emission
property of the orange crystals by increasing the hydrostatic pressure
was investigated. In silicon oil, the crystals were subjected to a pressure
of 5.77 GPa, and the red-shifted emission band was observed.
Considering the results from the structural analyses, it was proposed
that compression shortened the distance between the π-planes in the
dimer, leading to red-shifted luminescence. These data propose the
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applicability of MFC boron diketonates as precise chemosensors based
on the mechanical stress in a polymer or other matrices.

EMISSIVE SOLID MATERIALS BASED ON THE AIE PROPERTY

In general, the bright emissions of conjugated polymers disappear after
condensation; this fact indicates that optical properties should be lost
in solid or film states. These behaviors are called concentration
quenching or aggregation-caused quenching (ACQ). Conversely, it
has been reported that certain compounds exhibit stronger emissions
in their aggregation states. Tang and colleagues first showed unique
behaviors with tetraphenyl-substituted silole compounds in 2001.46

Only when the compounds were suspended in the poor solvent was a
bright emission observed. This phenomenon is called AIE or AIE
enhancement, and the application in highly emissive solid materials is
expected to be the promising molecular design for overcoming ACQ.
In particular, because ACQ directly contributes to decreases in device
efficiency in the electroluminescent devices, the development of new
AIE-active molecules remains of significant interest in the develop-
ment of modern electric devices. In this section, we explain the recent
progress of the molecular design and the development of AIE-active
conjugated polymers based on organoboron complexes.
As mentioned in the Introduction section, boron diketonate has

various advantages as a building block for preparing emissive
materials; however, the optical properties of boron diketonate would
be lost in the solid state owing to critical ACQ effect, which is similar
to other fluorescent molecules. Using the ACQ molecule, the AIE-
active molecule was created using boron diketonate derivatives;47 the

chemistry of the resulting AIE-active organoboron complexes is
described below.
Based on the proposed mechanism in the previous reports, the

introduction of bulky groups into the molecules is effective at creating
the AIE property.46 In the solution state, the excitation energy can be
consumed by the intramolecular tumbling of these substituents,
resulting in no emission being produced; conversely, these molecular
motions would be suppressed in the aggregation state. Additionally,
stacking and intermolecular interaction can also be disturbed by these
bulky groups in the condensed state. As a result, the ACQ can be
efficiently avoided, producing the solid-emissive property. To define
this mechanism in the diketonate analogue, we designed and
constructed the boron ketoiminate structure (Figure 5a). A compar-
ison study between boron diketonate and related chelate complexes
with regard to their electronic structures was systematically performed
by Gardinier and her co-workers.48 By replacing one of the oxygen
atoms with a nitrogen atom, the functional group could be incorpo-
rated. In addition, a distortion was introduced into the molecules
using the relatively weaker B–N bond compared with the B–O bond.
A series of boron ketoiminates were synthesized, and the physical
properties, including the AIE behavior, were investigated.
Figure 5b shows the emission spectra of ketoiminates and diketo-

nate. Boron diketonate exhibited a strong blue emission in tetrahy-
drofuran (THF) (5.0× 10− 5 M, ΦPL= 0.91), and ACQ occurred in the
aggregation state (ΦPL= 0.36); conversely, ketoiminates showed very
weak emissions in the THF solutions (5.0× 10− 5 M, ΦPL⩽ 0.01). This
result should be caused by the energy consumption via the
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Figure 3 (a) Chemical structure of boron ketoiminate with the MFC property. (b) Crystal packing for green (left) and cyan (right) crystals and significant
intermolecular interactions. (c) MFC behaviors of the complex. (d) Fluorescence emission spectra with the solid samples. (e) Fluorescence emission intensity
monitored at 535 nm vs smearing/thermal erasing cycle number. Reprinted with permission from Maeda et al.37 Copyright 2010 American Chemical Society.
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intramolecular motions in the ketoiminate ring. Notably, the aggrega-
tion states of ketoiminates in the mixed solvent of THF/H2O (1/9
(v/v)) showed significant increases in their emission intensities (ΦPL=
0.30–0.76). These results clearly indicate that ketoiminates are AIE-
active molecules. The six-membered ring, which included a B–N
bond, should have an important role in developing AIE properties.
The AIE behaviors of boron ketoiminates can be significantly

increased by the crystal packing structures present. Based on X-ray
single-crystal analyses, it was shown that the molecular structure of
diketonate was highly planar, while ketoiminates included asymmetric
structures and particularly distortion in the complex that originated
from relatively longer bond lengths of B–N.48 These data indicate that
the boron-chelating rings on ketoiminates should be more flexible
than those on diketonates; therefore, consumption of excitation energy
by molecular tumblings should occur in the solution state. As a result,

a small emission was observed from the solutions containing
ketoiminates. Conversely, these molecular tumblings, which induced
the non-radiative decay, should be suppressed in the aggregation state.
Because of the steric hindrance of the substituted nitrogen atom,
intermolecular interaction and stacking could be disturbed, resulting
in the inhibition of the ACQ; thus, AIE behavior could be obtained. As
mentioned later, similar data were obtained from the X-ray crystal
analyses and from the optical measurements in other studies of boron
diiminates. Thus the above mechanism is the most likely explanation
on the AIE behavior of boron ketoiminates and diiminates.
The MFC response was also found in AIE-active boron ketoiminate

derivatives (Figure 6a).49 A variety of boron ketoiminates with diverse
substituent groups at both ends were synthesized, and the substituent
effects on the optical properties were investigated. Similar to above,
boron ketoiminates exhibited AIE properties. In addition, the MFC
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Figure 4 Photographic images and molecular arrangement transformation of the orange crystals before and after smashing (a), fragmental crystals before and
after grinding (b) and orange crystals under different isotropic pressures (c). Reprinted with permission from Kumar et al.38 Copyright 2015 Wiley-VCH Verlag
GmbH and Co. KGaA.
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behaviors were observed. Interestingly, the hypsochromic and bath-
ochromic shifts of the emission bands were individually observed from
boron ketoiminates depending on the chemical structures of the end
groups present (Figure 6b). Based on the structural and thermal
analyses, it was revealed that the MFC property of boron ketoiminates
should be derived from a phase transition between the crystalline and
amorphous states. In particular, the direction of the peak shifts of the
emission bands was controlled by the degree of the steric hindrance of
the end group: from the complexes with relatively small end groups,
the AIE colors were red at the initial crystalline state; after grinding,
hypsochromic changes were induced; conversely, the complexes with
larger end groups presented the yellow AIE before grinding; and after
adding the mechanical stimuli, bathochromic shifts in the emission
spectra were detected. These changes were explained as the alteration
of the degree of intermolecular interaction between the crystalline and
amorphous states (Figure 6c). Boron ketoiminates with small sub-
stituents formed relatively densely packed structures in crystalline
states owing to the small steric hindrance present. The closed packing
structure in the crystalline state can induce high planarity and strong

π–π intermolecular interactions relative to those in the amorphous
state. As a result, the emission band could be shifted to shorter
wavelengths after transformation to the amorphous state. Conversely,
the dense packing structure could be disturbed by the large sub-
stituents in the crystalline states, resulting in the formation of loose
packing even in the crystalline state. Beccause of the mechanical stress,
the molecules could form random configuration, and stronger π–π
intermolecular interactions relative to the crystalline samples could be
obtained in the amorphous states. Chloro-, bromo- and iodo-
substituted boron ketoiminates showed larger emission shifts than
those of other materials. The intermolecular halogen bond could
influence these large, anomalous emission shifts.
By expanding the conjugation systems with fused heterocycles

involving the nitrogen atom in the ketoiminate complexes, various
AIE-active molecules can be obtained. Kubota et al.50 presented
AIE-active molecules and a complex with the same degree of
fluorescence quantum yields in both the solution and solid states.
Sun and colleagues reported the creation of quinoxaline-fused com-
plexes. Although ACQ was observed from the solid samples, the
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emission properties of the material were determined;51 it was
demonstrated that the emission intensity could be tuned reversibly
by fuming the material with trifluoroacetic acid (TFA) and triethyla-
mine (TEA) vapors. Pyridine-fused complexes were also synthesized,
and their AIE properties were clarified.52 These materials are expected
to be a practical platform for emissive devices and chemical sensors.
To create MFC behavior with AIE-active molecules, the nitrogen

must be replaced in the above systems. More recently, Šket and
colleagues created a multi-functional solid-emissive complex based on
boron diketonate (Figure 7).53 It was found that, only by introducing
two methoxy groups into one of the phenyl rings at meta positions,
boron diketonate could be added to create numerous chromic effects,
including mechano-chromism, thermo-chromism and chronochro-
mism, in the solid state. This molecule can form two polymorphs
with different mutual orientations of the two methoxy groups. In one
of the polymorphs, the crystal packing structure was stabilized with
intermolecular hydrogen bonds. Various chromic effects and
crystallization-induced emission enhancement could be observed by

the perturbation of the packing structure. Additionally, self-assembling
crystalline plate-like microstructures or microfibers that create an
significant optical waveguide effect were also demonstrated. This type
of sophisticated boron diketonate exemplifies the versatility of this
material as an optical functional material.

CRYSTALLIZATION-INDUCED EMISSION FROM BORON

DIIMINATES

By replacing one of the oxygen atoms with nitrogen in diketonate,
AIE properties were obtained. Next, the properties of boron diiminates
are explained. Compared with boron diketonates and boron
ketoiminates, there is room in boron diiminates for functionalization
via their two nitrogen atoms, which can bond to various substituents
(Scheme 1). Because the regulation of intermolecular interactions in
solid state is important for strong emissions, boron diiminates with
high functionalities have a high potential for use as AIE-active
materials.
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Figure 6 (a) Chemical structures of boron ketoiminates with the AIE and MFC properties. (b) Photograph of the boron ketoiminates in the crystalline and
amorphous states under UV irradiation. (c) Speculated mechanisms of the mechanofluorochromism depended on the end groups. Reprinted with permission
from Zhang et al.42 Copyright 2015 Wiley-VCH Verlag GmbH and Co. KGaA.
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The optical properties of diiminates were investigated.54 Similar to
ketoiminates, diiminates also exhibited AIE properties. The emission
spectra showed marginal luminescence in THF (Φo0.01), while
crystallization led to large increases in the emission intensities; these
results clearly indicate that synthesized boron diiminates are
AIE-active molecules. Next, the modulation of the optical properties

was evaluated in the solid states. Two types of solid samples were
prepared in the amorphous and crystalline states. In the emission
spectra, strong emissions of diiminate DI was observed from the
crystalline samples (Figure 8). Conversely, the amorphous samples
presented weaker emissions. It should be emphasized that the
crystallization induced approximately 15-fold larger emission
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Figure 7 Boron diketonate with numerous chromic properties. Reprinted with permission from Luo et al.46 Copyright 2015 American Chemical Society.
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Reprinted with permission from Yoshii et al.47 Copyright 2014 Wiley-VCH Verlag GmbH and Co. KGaA.
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efficiencies from the amorphous state (ΦPL,crystal= 0.59,
ΦPL,amorphous= 0.04) using the diiminate derivative. From these
results, it is clearly shown that boron diiminates are crystallization-
induced emission-active units. The colors of the crystallization-
induced emission can also be modulated from blue to red by the
substituents used.

EMISSIVE POLYMERS BASED ON BORON DIKETONATES

Conjugated polymers have attracted attention as platforms for
fabricating organic optical and/or electronic devices owing to their
many advantages, such as good film formability, solubility in ordinal
solvents, stability with regard to environmental changes and emission
properties in the film states. The various properties of conjugated
polymers can be modulated via combination with functional units. For
example, emission colors can be significantly altered by introducing
functional units into the adjacent position via π-conjugation to form
charge transfer (CT) states. By modulating the electron acceptors in
the main polymer chains, strong emissions were observed from visible
to near-infrared regions. As another example, by changing the feed
ratios of each co-monomer, a series of functional optical polymers
were synthesized with various ratios of chromophores in the primary
polymer chains.55 These polymers showed useful characteristics such
as multiple-color materials and white-light emission. Additionally,
conjugated polymers containing organoboron compounds have been
recognized as efficient charge transporters and optical functional
materials.56 Thus, not only the construction of conjugation systems
but also the modulation of electronic structures are important to
obtain highly functionalized materials. In this section, a series of
polymers composed of boron diketonates and their derivatives and
their optical properties are explained.

By modulating the localization of the electronic orbitals, the
emission properties of a material can be varied. Diarylboron diketo-
nates were synthesized, and their electronic structures were character-
ized with experimental and theoretical investigations (Figure 9).57 In
the experimental results, it was shown that the electronic structures of
boron atoms significantly affect their emission properties. The boron
complex with strong electron-withdrawing C6F5 groups presented
high fluorescence. Conversely, no emission was observed from the
diketonate complex with diphenyl groups. It was suggested that the
highest occupied molecular orbital (HOMO) of the diphenyl complex
should not be localized on the diketonate moiety. Based on these
findings and the results from computer modeling, it was presumed
that the emission of diphenyl diketonate moiety could be restored by
extending conjugation along the polymer linker, and the HOMO of
diphenylboron moiety should be delocalized on the entire polymeric
diketone ligand. To prove the validity of this idea, the organoboron
polymers with 1,3-diketonate structure at the main chain were
prepared.58 The peak maxima in the absorption and emission spectra
were shifted to longer wavelengths by coordinating the boron atoms
on the polymeric ligands in the solution states. In addition, polymers
with diphenyl and pentafluorodiphenyl groups attached on their
boron atoms emitted orange and red light, respectively. The conjuga-
tion system was extended by introducing polymeric ligands, leading to
strong fluorescence emissions.
Facile methodology based on polymer reactions to regulate the

electronic structures of conjugated polymers was demonstrated for
optimizing the device properties and obtaining diverse optical
materials.59 Alternating copolymers composed of β-diketonate and
fluorene in the primary chains were synthesized. Then, using the
synthesized polymers as a ligand, the boron-containing polymers in
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which 21, 41, 58, 71 and 100% of the diketonate moiety were occupied
by boron were prepared in the postmodification, respectively. The
electronic properties of the series of boron diketonate-containing
polymers were examined. It was observed that the emission bands in
the longer wavelengths were observed by increasing the boron
introduction rate. The strong electron coupling between fluorene
and boron diketonate could provide significant emission bands.
These data indicate that the band gap energy can be controlled
by boron complexation in the conjugated polymer. This tunable
functionality can be used to adjust energy levels for improving

the conversion efficiencies in electroluminescence devices and
photovoltaic cells.

AIE PROPERTIES OF KETOIMINATE-CONTAINING POLYMERS

Color tuning of the emissions was also demonstrated with the boron
ketoiminate-containing polymers (Figure 10).60 A series of alternating
copolymers involving boron ketoiminate units were prepared with
fluorene and bithiophene co-monomers. It was observed that the
polymers exhibited strong emissions in the solution (Φem= 0.46 to
0.80) owing to the introduction of the boron ketoiminates into the
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Figure 10 Chemical structures and emission properties of the polymers containing boron ketoiminate. Reprinted with permission from Galer et al.53 Copyright
2014 Wiley-VCH Verlag GmbH and Co. KGaA.
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primary polymer chains. Their optical properties were explained by
the donor–acceptor interaction between the boron ketoiminate as an
acceptor unit and the electron-donating co-monomer, such as
fluorene or bithiophene. Additionally, even in the solid states, these
polymers showed bright emissions (Φem= 0.13–0.38), and their
emission colors could be tuned from blue to orange by substituting
nitrogen atoms. Using these materials as emissive film materials is thus
possible.
Next, based on boron ketoiminate, the main-chain-type conjugated

polymers were synthesized to create polymeric AIE-active materials.61

The series of boron ketoiminates shown in Scheme 4 was designed.
Ketoimine derivatives can form three possible tautomeric structures:
ketoimine, enolimine, and enaminoketone forms (Scheme 5). It is
known that the enaminoketone form has the highest thermal stability
of three tautomers. Via boron complexation, the structures of the
ketoiminates would be transformed into a similar electronic structure

to the enolimine form; thus it can be said that the tautomerization of
ketoimine can be induced by the introduction of boron. Additionally,
it is presumed that boron-induced tautomerization could change the
electronic interaction mediated through the ketoimine moiety. Finally,
boron complexation at the ketoimine skeleton can induce the
extension of the conjugated system in the main polymer chain. Thus
a significant possibility to obtain AIE-active materials with tunable
optical properties based on boron ketoiminate materials exists.
From the emission spectra, it was found that the boron

ketoiminate-containing polymers showed significantly higher quan-
tum yields in the solid states (FLBP: ΦPL= 0.13, BIBP: ΦPL= 0.06)
than those in THF (FLBP: ΦPL= 0.10, BIBP: ΦPL= 0.04), as shown in
Figure 11. These results clearly indicate that the synthesized polymers
should be AIE-active polymers. Conversely, without boron complexa-
tion, the typical ACQ behaviors were obtained from the polymers. In
THF, relatively higher quantum yields were observed (FLP: ΦPL= 0.01,
BIP: ΦPL= 0.09), while the solid sample showed decreases in the
quantum yields (FLP: ΦPLo0.01, BIP: ΦPL= 0.02). This fact indicates
that boron complexation of the ketoimine units is responsible for the
expression of AIE properties. By changing the co-monomer unit, the
AIE color was altered. FLBP exhibited an emission band with a peak at
562 nm (that is, yellow). Conversely, BIBP exhibited a red-color
emission (λem= 683 nm). The electron donating–accepting interaction
should occur between boron ketoiminate and bithiophene units
through the primary polymer chains. This result indicates that the
optical properties of this material can be tuned by varying the
molecular design. To demonstrate the AIE behaviors of the boron
ketoiminate polymers, the dependency of the emission properties on
the solvent compositions was examined in the THF/H2O solvent

No expansion of π-conjugation
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Scheme 5 Tautomerization of ketoimines and immobilization at the
enaminoketone form by boron complexation.

Figure 11 Photographs and emission spectra of (a) fluorene-based polymers and (b) bithiophene-based polymers in THF and solid states under UV
irradiation. Reprinted with permission from Yoshii et al.54 Copyright 2014 American Chemical Society.
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mixture system. The enhancement of the emission intensities was
observed by increasing the water content (H2O⩾ 90 vol%). The
aggregation of the polymers should improve the emission. Thus these
results show that AIE-active polymers with the tunable color emissions
were created. The introduction of boron can also induce structural
torsion in the conjugated systems; as a result, the ACQ effect might be
avoided in the film state.
By modifying the nitrogen atom in boron ketoiminate complexes

with substituents, additional functions can be introduced.62 Boron
ketoiminate-containing polymers with the chiral group at the nitrogen
atom were synthesized. These polymers showed circular dichroism
and CPL properties; in particular, the large CPL dissymmetry factors
were exhibited by the polymers (glum=+0.349 and +0.105). The
strong CPL observed could be attributed to the amplification effect
owing to the conjugated polymer structure.
Boron ketoiminate-containing polymers were recently applied to

the field of cell imaging.63 A series of conjugated polymers with
various substituents at the phenyl group on the nitrogen atom in
boron ketoiminate complexes were created. The synthesized polymers
showed AIE properties with different colors depending on the
substituents. Highly emissive nanoparticles can be obtained with the
polymers; these materials have low cytotoxicity and high photostability
and can thus be used as probes for HeLa cell imaging. By regulating
biodistribution, and adding the stimuli-responsiveness, these materials
could be applied in sensing tools for surveying various biological
events or reactions.

BORON DIIMINATE-CONTAINING POLYMERS AND THEIR

APPLICATIONS FOR FILM-TYPE CHEMOSENSORS

The electron-accepting ability of boron contributes to the enhance-
ment of the electronic interactions to the neighboring electron-
donating unit. Thus, by modulating the electron-donating and/or
electron-accepting abilities of the components in the conjugated
polymers, the electronic structures could be significantly altered,
leading to significant changes in their optical properties. Thus it is
proposed that the AIE-active conjugated polymers should be a suitable
scaffold for fabricating film-type emissive chemosensors. Diiminate-
containing polymers also exhibited AIE properties.64 By changing
the co-monomer unit, certain optical properties such as color can be
tuned. Based on these polymers, the dynamic modulation of the
optical properties was performed by acid- and base-sensing experi-
ments (Scheme 6). After exposure to TFA and TEA vapors, the
changes in the emission properties were monitored with the film
samples. Thus the AIE properties of boron diiminates-containing
polymers were shown to dynamically change. When the film was
placed in a small container that was saturated with TFA vapors, the

fumed film exhibited a blue-shifted emission spectrum compared with
those of the unaltered sample; the emission color was changed from
red to yellow. Additionally, the optical properties of the TFA-exposed
film were converted back into the parent state after exposure to TEA
vapor. These data clearly show that the optical properties of these
materials can be tuned reversibly. The strong donor–acceptor inter-
action between the amino group and the boron-chelating ring could
be suppressed by the protonation of the amino group; as a result, the
color was changed. Boron diiminate-containing polymers are thus
promising for application in various types of film-type optical sensors.
To extend this idea regarding the application of AIE-active

conjugated polymers as film-type optical sensors, another system
was constructed. Films with the AIE-active copolymers composed of
fluorenes and sulfide-substituted boron diiminates were prepared, and
the changes in their optical properties via oxidation were evaluated
(Scheme 7).65 Hydrogen peroxide (H2O2) is classified as a reactive
oxygen species and is endogenously produced during energy metabo-
lism. Excessive H2O2 induces cell damage, leading to many patholo-
gical problems, such as diabetes, cardiovascular diseases and cancer;
thus the development of facile detection techniques is required. By
soaking the film samples of the polymer in the solution containing
H2O2, the emission intensity from the film gradually increased during
incubation. The quantum yields were correspondingly enhanced up to
three times via oxidation at the sulfide groups. This could be
attributed to the facilitated, charge-transfer, emissive fluorescence
between the fluorene units and the boron diiminates with the
enhanced electron-withdrawing ability by replacing sulfide with
sulfoxide groups. These data indicate that the synthesized polymer
can work as a film-type optical sensor with turn-on fluorescence. Thus
it is proposed that AIE-active polymeric materials should be a suitable
platform as bioprobes for longitudinal monitoring of bio-related
reactions.
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CONCLUSION

The optical properties and applications of boron β-diketonates and
related compounds, including polymers, are the focus of this review.
Although boron diketonates were identified several decades ago and
have simple structures, various optical functions have been reported
during the past decade, as described in this review. In addition,
because of the ease of synthetically constructing boron diketonate
derivatives, it is relatively easy to conjugate the material with other
functional units to obtain different combinations of functions.
Recently, the development of organic electronic devices has become
a critical issue for using advanced functions and for reducing
environmental burden. To satisfy the demands and requirements of
the modern material designs, versatile building blocks are necessary,
and boron diketonates seem to be valid building blocks for creating
new functional materials that have currently unknown functions and
that have never been seen before.
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