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Recent progress in the development of advanced

element-block materials

Masayuki Gon, Kazuo Tanaka and Yoshiki Chujo

An element-block is defined as a minimum functional unit composed of heteroatoms. The concept of ‘element-block material’
for designing advanced materials was proposed in 2015. In this review, the recent progress in material designs based on this
concept is described. From our research, several element-blocks as representative examples are selected, and their roles in

each material are explained. Initially, research on the development of ‘designable hybrids’ by employing polyhedral oligomeric
silsesquioxane (POSS) is illustrated. Multiple functions of hybrids composed of modified POSS and the significant roles of POSS
in bio-related polymeric materials for solving critical problems in conventional 1°F MR probes and for realizing new sensing
technologies are demonstrated. Next, solid-state luminescent materials containing o-carborane and group 13 element-blocks

are discussed. The materials’ highly efficient emission in the solid state and their origins are explained. Furthermore, stimuli-
responsive luminescent chromism is summarized. The sensing mechanisms and the application of these materials as sensors are
presented in this study. In the last part, we mention optically active element-blocks containing chiral P-stereogenic phosphorus.
In this review, the characteristics originating from each element-block are explained.
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INTRODUCTION

A new concept for material designs as an ‘element-block material’ was
proposed in 2015.' The minimum functional unit containing het-
eroatoms is defined as an ‘element-block’, and the creation of
advanced ‘organic—inorganic hybrids’ has been attempted by linking,
combining and assembling element-blocks. The production of func-
tional devices was also proposed by the organization of ‘element-block
materials’ according to the preprogrammed design. The discovery of
brilliant new functions exceeding each component and the establish-
ment of tactics for material designs based on inorganic polymers are
expected as research progresses. Indeed, a wide variety of elements in
the periodic table have been applied in the development of element-
blocks, and superior properties to conventional materials have been
obtained. In this review, we introduce recent progress in the
development of element-block materials. Several characteristic exam-
ples are demonstrated, mainly from our work. As representative
element-blocks, we select polyhedral oligomeric silsesquioxane
(POSS), o-carborane, group 13 element complexes and chiral phos-
phine compounds and illustrate their roles in the material properties
(Figure 1). Initially, the development of ‘designable hybrids’ employing
POSS is presented. By regarding POSS as an inorganic element-block,
polymer hybrids can be prepared simply by mixing with POSS
derivatives and polymers. Based on this idea, we successfully produced
refractive-index materials keeping the trade-off relationship at a high
level in the material properties and created new hybrids possessing
different thermal behaviors. The next topic is concerned with solid-

state luminescent materials containing o-carborane and group 13
element-blocks. It was found that several conjugated compounds
involving these element-blocks showed bright solid-state emission.
Furthermore, these luminescent properties were drastically influenced
by external stimuli. The property mechanisms and applications as a
stimuli-responsive luminescent chromic material are presented here.
We also mention chiral element-blocks, and the characteristics
originating from these structural features are explained.

POSS ELEMENT-BLOCKS FOR REALIZING DESIGNABLE
HYBRIDS

From recent advances in synthetic chemistry, various applications of
organic molecules to electronic devices have been realized. For
example, conjugated polymers have been recognized as a key material
in organic opto-electronic devices and applied for fabricating film-type
photovoltaic cells and flexible electroluminescent displays.” In addi-
tion, because of their applicability to printing methods, low-cost
fabrication processes have been explored based on these functional
organic polymers.> However, there remain large requirements for
improving the durability of these functional polymers because of
intrinsic stabilities lower than those of inorganics. By mixing polymers
and inorganic components at the nanoscale, organic—inorganic poly-
mer hybrids can be obtained.* These materials commonly showed
thermal stability and toughness that originated from the inorganic
components, as well as the intrinsic characteristics of the polymers.
Therefore, hybridization is a valid strategy for improving the
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robustness of conventional polymers. Based on these advantages,
various types of functional hybrids have been prepared such as white-
light emissive materials,” environmental-resistant electric conductors,®
heat generators toward microwave irradiation,”® molecular carriers
with a light-driven releasing ability’ and oxygen-resistant phosphor-
escent emitters.!® However, because of the commonly low compat-
ibility between organic polymers and inorganic components, it has
often been difficult to realize homogeneous mixing at the nanolevel
without specific modifications such as the introduction of polar
substituents into polymers and/or hydrophobic moieties to inorganic
components.' 12 Thus, there are still difficulties in the preparation of
hybrids with highly functional modern polymers.

POSS has been regarded as a molecular hybrid because of its
structural feature, and a large number of smart materials have been
obtained based on POSS.!3-2! If the POSS derivative can be mixed into
polymer matrices, a similar situation to that in a hybrid material,
where the inorganic components are dispersed at the nanometer or
molecular scale, would be obtained in conventional polymer hybrids
(Figure 2). Therefore, it can be said that POSS is the element-block for
easily fabricating a hybrid without sol-gel methods. Moreover, by
loading functional groups on POSS and by controlling the morphol-

R

R %i ?o S'/R Rf X
-Si-| O=Si _

~si<%0+ si-0" | CC

| ol (o]

O |O |

| .O-Si-|-O5:Si

/SI—O,—SI\ R ® =BH
R R R

B

@\N, N NCaN
o | O O | ®

Figure 1 Element-blocks introduced in this review.
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ogy of POSS in the materials, the addition of further properties can be
expected, according to the preprogrammed design. Thus, POSS can be
regarded as an element-block for producing ‘designable hybrids'.
Indeed, in previous reports, the POSS-based designable hybrid
materials were prepared just by mixing POSS derivatives and polymers
in solution, and significant improvements of thermal and mechanical
properties were accomplished.?>?* Furthermore, by modifying POSS,
the trade-off relationships were maintained between multiple compet-
ing functions in the materials.?*2® In this part, the preparation of
‘designable hybrids’ by utilizing modified POSS and the material
properties are described.

Initially, POSS element-blocks were applied to enhance the material
properties of conjugated polymers, which are the key component in
modern opto-electronic devices.>* As we mention above, the enhance-
ment of polymer components in organic devices is strongly required.
However, it has been challenging to find a molecular filler that can
reinforce thermal stability without critical losses of the opto-electronic
properties of the functional polymers used in these devices. To
examine the basic affinity of POSS, hybrid films using conventional
conjugated polymers such as polyfluorene and poly(3-hexylthiophene)
(P3HT) as matrices were prepared (Figure 3).2 Interestingly, POSS
fillers showed high miscibility in both matrices. All POSS fillers were
able to be loaded to over 40 wt%, and it was revealed that the thermal
stability of the films was significantly improved. This fact means that
POSS can work as an element-block for realizing hybrid materials with
commodity conjugated polymers. In addition, the influence of a series
of alkyl- and phenyl-substituted POSS on the optical properties was
evaluated with respect to loading. Accordingly, homogeneity in the
hybrid materials was efficiently improved. In the polyfluorene hybrids,
sharp emission bands were obtained in the blue region by suppressing
main-chain aggregation. Moreover, in the poly(3-hexylthiophene)
films, it was proposed that the extension of the main-chain conjuga-
tion was facilitated by the POSS fillers. It was summarized that the
POSS fillers can have a significant role in the improvement of
homogeneity in the polymer films without losses of thermal stability
because of the fillers” high affinity to the conjugated systems.

Alkyl and aryl-substituted POSS derivatives usually showed good
solubility in common organic solvents. However, because of the highly
symmetric structures of a silica cube, aggregation and crystallization
often proceeded in the polymer matrices, leading to a critical phase
separation in the materials. Thus, the next challenge for obtaining
larger filler effects was improvement of the miscibility of POSS fillers
with commodity polymers. The modified POSS derivatives were
synthesized via in situ sol-gel reactions with mixtures containing
two types of alkyl-silanes (Figure 4).3° As a result, POSS derivatives
having different types of alkyl substituents were obtained. The
products had molecular distributions originating from the formation

POSS Element block

Element-block
materials
= Designable hybrids

Figure 2 Concept of the development of ‘designable hybrids’ based on POSS element-blocks.
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Figure 3 Chemical structures and abbreviations of POSS fillers and
conjugated polymers used in this study and changes in the thermal
decomposition temperature with 20 wt% weight loss (ATyp0) by filler
addition to each of the polymer matrices.
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Figure 4 Chemical structures of POSS fillers having different types of alkyl
substituents and changes in refractive indices (An), the thermal
decomposition temperature with 20 wt% weight loss (ATqp0) and rigidity of
poly(methyl methacrylate) (AE’) by filler addition. (iC4+CP), (iC4+C18) and
(CP+C18) indicates the modified POSS having different types of alkyl chains
in the single core, and iCA&CP™X iC4A&C18M* and CP&C18M* were
prepared by simply mixing with each octa-substituted POSS in the matrix
(iC4: isobutyl, CP: cyclopentyl, C18: octadecyl groups). n.d.=not detectable
because of low film-formability.

of cubic and pentagonal prism structures and the variable introduction
ratios of alkyl substituents. Because of the reduction in symmetry, the
synthesized POSS fillers presented high miscibility in PMMA. As an
application, it was demonstrated that POSS fillers with dual types of
substituents can lower the refractive index of the PMMA matrix and
enhance thermal and mechanical properties.

It is clearly indicated from the above research that POSS element-
blocks can be used as a filler for modulating polymer properties. The
next topic is on the POSS filler for enhancing thermal properties with
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the new matrices that had never been used as a hybrid before. Ionic
liquids (ILs), which are defined as an ion salt having a melting
temperature below 100 °C, have attracted much attention because of
their versatility in a wide variety of research fields and industrial
applications, such as an electrolyte in lithium batteries and fuel cells.>!
Therefore, to extend the lifetime of these devices, the enhancement of
the thermal stability of these media is required. However, it remains
difficult to invent novel ILs with improved thermal stability and no
significant changes in the other functions of the ILs simply by altering
the chemical structures of the components because the thermal
properties of ILs are drastically changed upon altering the chemical
structure. One simple procedure to maintain both properties of
thermal stability and intrinsic functions could be the use of fillers,
as we mention above. Therefore, we sought to develop molecular
fillers to readily obtain thermally stable ILs with other characteristics.

It has been reported that the enhancement of thermal stability and
minimizing changes to the melting temperature of an ion pair can be
simultaneously obtained by tethering to the POSS core via covalent
bonds.32734 As a result, room-temperature ILs, which are defined as
ionic salts with a melting temperature below 25 °C, were produced
based on POSS. Based on these characteristics of POSS ILs, we next
sought to transmit the POSS effect on thermal properties to the IL
matrices via non-covalent bonds (Figure 5). By hydrogen bond
formation between the acid functional groups in the POSS and the
ionic salts, we presumed that crystallinity should be significantly
reduced, and a reduction in the melting temperature of the ionic salts
could then be observed. Furthermore, thermal stability should be
enhanced by the POSS core. To evaluate the validity of this idea, we
designed and synthesized the carboxylic and sulfonic acid-presenting
POSS derivatives.?>3¢ In particular, the superior effects of the POSS
filler with sulfonic acid (POSS-[SO3H]g) is explained.

The desired POSS was prepared in good yields, and good disper-
sions in various kinds of conventional ionic compounds were
obtained.’® From thermal measurements, it was found that POSS-
[SOsH]g had significant effects on both decreasing the melting
temperature and enhancing the thermal stability of a wide variety of
ionic compounds, as we proposed. The calculation of the thermo-
dynamic parameters during the melting process revealed lowering
effects on transition enthalpy and entropy by the introduction of the
POSS filler, indicating that the rigid cubic and symmetric structure of
POSS played significant roles in improving the thermal properties. In
addition, these effects were lost upon adding alkyl- and ammonium-
POSS and the sulfonic acid without POSS. These results suggested
that the formation of hydrogen bonds with ionic salts and the
POSS core should be necessary for expressing the enhancement in
thermal properties. Finally, the melting temperature of 1,2,3-
@ethylimidazolium methanesulfonate (TriMIM-MeSO,) was lowered
from 122 to 94 °C by POSS-[SOsH]s. These data suggest that POSS-
[SOsH]g can work as a filler for transforming an ion salt, as a
representative IL. From these results, the idea that hybrid formation
can be extended to other matrices apart from polymers by employing
the POSS filler is revealed, indicating the versatility of POSS element-
blocks.

To demonstrate further applicability of the idea on ‘POSS-based
designable hybrids’, bio-related materials containing POSS and their
characteristics are reviewed. It was shown that water-soluble POSS
materials can encapsulate hydrophobic molecules inside these materi-
als by adsorption onto the POSS surface via van der Waals interactions
that originated from the extensive low polarity of the cubic silica
core.’” 3 Based on this character, a detection system with I9F nuclear
magnetic resonance (NMR) probes was constructed for bio-active
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Figure 5 Differences in (a) degradation and (b) melting temperatures in the
presence of fillers. The pristine values are listed on the horizontal bars, and
the height of each bar represents the temperature change with added filler.
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Figure 6 Detection scheme for various kinds of amines by the assembly of
the POSS-NiPor complexes with 1°F NMR signal changes.

amine compounds at sub-micromolar concentrations (Figure 6).44
The application of °F NMR probes for the monitoring of biological
events and reactions has been well known as a valid strategy for
obtaining detailed information at deep spots inside vital bodies.*>>!
To date, although various types of molecular probes and detection
systems have been manufactured for evaluating biological events and
alteration of environmental factors, the monitoring of the bioreactions
with "F NMR probes commonly suffers from an intrinsically low
sensitivity in I9F NMR measurements. Therefore, it was difficult to
monitor slight amounts of bio-active molecules. Water-soluble fluori-
nated POSS derivatives were prepared, and the paramagnetic NiPor
(Ni-porphyrin) was adsorbed with F-POSS in the buffer.4* By adding a
series of amine derivatives to the homogeneous dispersion containing
the POSS-NiPor complexes, the changes in the signal intensity were
evaluated. It was clear that the signal intensity of 1°F NMR decreased
especially in the presence of ethanediamine and hexylamine. From
mechanical studies, it was suggested that the assembly of the F-POSS
complexes should be induced by the amine compounds, and the signal
reduction of 'F NMR from the POSS-NiPor complexes could be
induced via the strong paramagnetic relaxation enhancement from
NiPor in the assembly. We were able to detect the amine derivatives,
which show critical effects as a signal transducer or a stimulant drug,
at concentrations under 1 pwm, similar in sensitivity to conventional
fluorescence probes.”>>3 It was expected that this system should be
valid to monitor the distribution of bio-active molecules at cellular
concentrations.
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Figure 7 (a) Emissive POSS networks for the size-discrimination of silica
particles. (b) A plausible model for the detection. (c) Changes in the optical
properties of POSS networks in the presence of various sizes of silica
particles.

The superior adsorption ability of the cubic silica in the POSS
element-block was utilized for recognizing the shape of nanomaterials.
It was shown that the encapsulation ability can be enhanced in the
POSS network polymers.”*>7 Based on this fact, POSS networks were
designed and synthesized with octaammonium POSS by connecting
with bithiophene dicarboxylic acid (Figure 7).°® By modulating the
feed ratio of the bithiophene linker, a series of the POSS networks
were obtained with various cross-linking ratios among the POSS units.
The resulting networks showed good water solubility, and a strong
luminescence originated from the bithiophene linkers in water. The
POSS networks with relatively low cross-linking ratios showed a
higher affinity to silica particles. Interestingly, it was shown that the
emission properties were altered simply by adding the silica particles
into the sample. It should be noted that the redshifted emission of the
POSS network was induced in the presence of the nanoparticles
dispersed in the sample, whereas the blueshifted emission was
observed from the samples containing the microparticles. These peak
shifts depended on the size of coexisting particles and should originate
from polarity changes around the bithiophene cross-linkers induced
by the adsorption of the POSS networks onto the particle surface.
These emission characteristics are applicable for not only detecting
water pollution by particles but also discriminating the size of the
nanomaterials.



VWVWLOH

cis-isomer = oleic acid

o]
=

trans-isomer = elaidic acid

OH

Progress in the development of advanced element-block materials

Wavelength (nm)
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properties.

POSS-containing networks were used as a scaffold for molecular
recognition with structural isomers of significant compounds.>*>7 A
class of trans-fatty acids has been recognized as a harmful byproduct in
food processing according to recent medical reports.>>%° Therefore,
the development of facile detection methods for trans-fatty acid in
foods is urgently needed. However, it is still challenging to construct
molecular probes for trans-fatty acids because the olefin moiety
generally only slightly interacts with the probe molecules. Thus, we
sought to establish a molecular recognition system via van der Waals
interactions with POSS to perform trans-fatty acid discrimination
using fluorescence spectroscopy (Figure 8).°! The water-soluble POSS
network polymers connected with triphenylamine derivatives (were
prepared, and their sensing ability for discriminating the geometric
isomers of fatty acids was examined. In the photoluminescence
spectra, different time-courses of the intensity and peak wavelength
of the emission band were observed from the triphenylamine
derivatives-containing solution in the presence of cis- or trans-fatty
acids during incubation. In particular, variable time-dependent
changes were obtained by changing coexisting ratios between two
geometric isomers. From the mechanistic studies, it was implied that
these changes could be derived from the difference in the degree of
interaction between the POSS network and each fatty acid.

We demonstrate here recent examples on the development of
‘designable hybrids’ based on POSS element-blocks. By loading
expected functional groups on the POSS unit, polymeric materials
including dendritic molecules and networks were constructed. Finally,
it was revealed that these ‘element-block polymers’ provided various
useful functions for not only solving problems in conventional
materials but also creating new materials. Thus, we believe that
‘designable hybrids’ still have huge potential as a platform for realizing
superior functions.

CARBORANE ELEMENT-BLOCKS FOR SOLID-STATE
LUMINESCENT MATERIALS HAVING STIMULI-RESPONSIVITY
As POSS is composed of silica, significant electronic properties were
hardly obtained. Next, we explain the cluster-type element-block
possessing optical and electronic properties originating from a steric
conjugation system. o-Carborane is an icosahedral cluster composed of
two carbon and ten boron atoms and has attracted attention as a
versatile component for constructing luminescent materials
(Figure 1).%2 All atoms are linked via the three-center-two-electron
bonds, and 3D-electronic conjugation is developed through a whole
molecule. Therefore, o-carborane has high stability. In contrast,
o-carborane shows characteristic behavior by excitation. The o-
carborane unit can play a role as a strong electron acceptor in the
excited state of conjugated systems originating from the electron-
deficient nature of the 6*—r* conjugation on the C-C bond of the o-
carborane unit. Therefore, by combination with various aromatic
rings, the intramolecular charge transfer (ICT) state could be readily
developed in the excited state. Then, bright emission from the ICT
state was obtained.®> Furthermore, similar to other donor-acceptor
systems, it was possible to tune the luminescent color by modulating
the electron donation at the conjugated aromatic moieties. Thus, o-
carborane has attracted significant attention as a luminescence-
inducible element-block.

There are three significant characteristics of o-carborane in lumi-
nescent molecules (Figure 9). First, the o-carborane unit often
contributed to avoiding aggregation-caused quenching (ACQ).%*
Commodity organic luminescent dyes usually present intense emission
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Figure 10 (a) Photoluminescence spectra in solution and solid states and
the TICT mechanism in anthracene-modified dyad. (b) Solid-state
luminescent properties of pyrene-modified dyads.

in dilute solutions, whereas most of luminescent properties are
critically spoiled in the condensed state because of the ACQ effect.
Because of the steric hindrance originating from the spherical shape of
o-carborane, intermolecular interactions, which is one of major
processes to the ACQ, should be disturbed. As a result, the intense
ICT emission could be preserved even in the condensed and crystalline
states.®* Second, the luminescent properties of o-carborane-containing
conjugated systems are sensitive toward molecular vibrations. As a
typical example, the optical properties of a series of phenyl-substituted
o-carborane derivatives are presented.®> In the absence of any
structural restriction around the o-carborane unit, a slight emission
was observed in dilute solutions. In contrast, a bright emission was

detected in the aggregation, as energy-consumable molecular motions
should be prohibited. Electronic conjugation was constructed invol-
ving the ¢*—* conjugation on the C-C bond in the o-carborane unit.
In the solution state, molecular vibrations at the C—C bond in the
excited state occurred, and an excitation deactivation was critically
induced. On the other hand, molecular vibration should be suppressed
in the condensed state. This aggregation-induced emission (AIE)
behavior is useful for designing environment-responsive optical
materials.%® Third, it was suggested that the electron-accepting ability
of o-carborane should be dependent on the dihedral angle between the
direction of the C—C bond and the plane of the m-aromatic rings.5%%”
When the C—C bond was placed in a parallel conformation, a donor-
acceptor interaction was hardly obtained;®® whereas the strongest
electron-accepting ability was observed at the perpendicular confor-
mation because the orbital overlap of the ¢*—n* conjugation on the
C—C bond in the o-carborane unit and n-conjugation on the aromatic
ring should be maximized. This fact means that the electronic and
optical properties of aromatic-modified o-carboranes can be drastically
changed by the rotation at the o-carborane unit (or the aromatic
moiety). Based on these fundamental issues, further luminescent
properties were found from o-carborane-containing element-block
materials.

In some donor-acceptor-type organic compounds, ICT proceeds
with conformational changes such as twisting at the bridge between
electron-donating and electron-accepting units in the excited state.
Sometimes, emission could be observed from this twisted intramole-
cular charge transfer (TICT) state.® Because of the environment-
sensitive character of ICT emission and the physical motion in the
formation of the TICT state, luminescent molecules with TICT
emission are used as a versatile platform for constructing bioprobes
and environmental sensors. Moreover, by regulating the mobility of
the molecules, dual-emission peaks derived from locally excited (LE)
and TICT states were simultaneously observed in the single
spectrum.®® These behaviors are applicable to construct quantitative
detection systems, especially for biological events. However, very few
molecules present TICT emission in the solid state because of two
critical factors known as concentration quenching and structural
restriction. Therefore, applications of luminescent dyes with TICT
emission for opto-electronic materials remained a challenge.

The TICT emission from the crystalline state of an anthracene-o-
carborane dyad was eventually discovered (Figure 10a).°> The dual-
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Figure 11 Multi-chromic luminescence of an anthracene-containing triad.
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emissive property from LE and TICT states was observed in a dilute
solution containing the dyad. In a conventional TICT system, the LE
emission usually appears only under a frozen or structurally restricted
environmental condition, whereas the dyad presented emission from
the LE state of the o-carborane dyad. It was implied that the energy
barriers could be small in the rotation of the anthracene moiety.
Actually, from variable-temperature photoluminescence measure-
ments, it was shown that the energy barrier in the transition from
LE to ICT was allowed at room temperature in the excited state. Next,
the solid-state luminescence property of the dyad was investigated.
Surprisingly, it was determined that the dyad had both aggregation-
induced emission enhancement and crystallization-induced emission
enhancement properties attributable to the TICT emission band. From
X-ray single-crystal analysis and theoretical calculations, it was
suggested that the rotation at the o-carborane unit occurred even in
the crystalline state. As a result, a TICT-based crystallization-induced
emission enhancement was detected. It was implied that the spherical
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shape of o-carborane could also have a positive role in the rotation in
the excited state.

Highly efficient solid-state emission was obtained from the o-
carborane dyads.’”® A pyrene-substituted o-carborane dyad was
synthesized, and similar to the anthracene-substituted dyad, a dual
emission attributable to LE and TICT emission bands in the solution
and aggregation-induced emission enhancement and crystallization-
induced emission enhancement properties (absolute emission quan-
tum yield: ®@pp =0.40 and 0.80, respectively) attributable to the TICT
emission from the solid sample were observed (Figure 10b). To
achieve efficient solid-state luminescence, a bulky substituent was
introduced to the adjacent carbon atom in the o-carborane unit to
freeze the molecular conformation in the perpendicular position and
was followed by suppressed energy consumption during rotation in
the excited state. Methyl and trimethylsilyl-substituted carborane
dyads were prepared, and extremely bright luminescent compounds
with solid-state emission properties (@pp >0.99) were detected. The
color tuning of a highly efficient solid-state emission was also
accomplished in the recent result.”! These results clearly indicated
that o-carborane should be an element-block for realizing solid-state
luminescent materials.

Multi-chromic luminescent behaviors were observed from a di-o-
carborane-substituted anthracene triad (Figure 11).”? Recrystallization
from CH,Cl,, C¢Hg and CHCl; afforded solvent-incorporated crystals,
and each crystal exhibited different emission colors (yellowish-orange,
orange and red, respectively). Furthermore, these solvent molecules
were able to be removed by heating and adding mechanical stresses,
followed by luminescent color changes. These data represent that the
triad has solid-state luminescence with vapo-, thermo- and mechan-
ochromic characteristics. From the single-crystal X-ray analyses, it was
revealed that the distorted central anthracene moiety formed a
n-dimer in the crystal, and the stacking area was significantly changed
by the type of incorporated solvents. Therefore, an alteration of the
electronic properties was induced.

In this part, the series of luminescent properties of o-carborane
derivatives are illustrated. Particularly, it was revealed that o-carborane
is a solid-state luminescent element-block. By combining electron-
donating groups and stimuli-responsive units, stimuli-responsive
luminescent chromism was readily designed. These advantageous
characteristics are promised to be a key function of the next generation
of opto-electronic devices based on element-block materials.

CONJUGATED POLYMERIC MATERIALS BASED ON GROUP 13
ELEMENT-BLOCKS
The next topic is concerned with environment-responsive solid-state
luminescent materials based on group 13 element-blocks (Figure 1).
As we mentioned above, although organoboron complex-containing
conjugated polymers have been studied as a versatile substance for
fabricating advanced organic opto-electronic devices because of their
superior optical properties and carrier-transport abilities,”>#* ACQ
problems remain as critical limitations to the practical use of these
materials. In 2001, an AIE-active molecule was first reported.> We
also discovered AlIE-active boron complexes and built conjugated
polymers possessing AIE properties.?®%” Furthermore, various applica-
tions have been accomplished based on the series of organoboron
complexes.382 Therefore, we regarded these organoboron complexes
as ‘AlE-inducible element-blocks’ to obtain AIE-active materials. In
this part, we present recent works on the development of
environment-sensitive solid-state emission from these materials.

In previous reports, it was shown that ACQ-presenting common
boron complexes could be transformed to the ATE-active molecules.®
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By replacing one or both oxygen atoms with nitrogen in boron
diketonates, which can show strong luminescence only in the dilute
state, the AIE behaviors were induced. Thereby, by employing the
resulting molecular structures of boron ketoiminate and diiminate,
various types of polymeric materials including polymers, gels and
dendritic molecules were generated. It should be mentioned that the
AIE properties of these boron complexes could be tuned by introdu-
cing functional groups and connecting with other conjugation units.®”
This means that the luminescent chromic properties could be
designable. The series of triads composed of two boron ketoiminates
and a central bithiophene unit with various functional groups at both
ends were synthesized (Figure 12).> As we expected, these triads
provided solid-state emission. Interestingly, the emission colors were
clearly changed upon grinding the crystalline sample powders to the
point the X-ray diffraction peaks disappeared. These behaviors are
typical of mechanochromic luminescence, and from X-ray crystal
analysis, it was shown that these optical changes should be induced by
a crystal-amorphous transition. From the comparison of peak shifts in
the luminescence spectra, unique properties were revealed in the
mechanochromic luminescent behaviors of the triads. The hypsochro-
mic and bathochromic shifts of the emission bands were controllable
by selecting the functional groups at the end of the triads. By
introducing relatively small end groups such as hydrogen, the AIE
colors were red in the initial crystalline state. Hypsochromic changes
occurred after grinding. In contrast, the complexes with larger end
groups such as iodo and trimethylsilyl groups gave a yellow AIE before
grinding. After adding the same treatment, bathochromic shifts in the
emission spectra were induced. From the X-ray single-crystal analysis
with the initial crystalline samples, it was suggested that the triads with
small substituents formed relatively densely packed structures because
of small steric hindrances; meanwhile, weak n—rm intermolecular
interactions relative to those in the crystal state should be induced
in the amorphous state. As a result, the emission band could be shifted
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Figure 16 Plausible emission mechanisms of BPI and FBPI in the solution
state. Reproduced from Ref. 107 with permission from the Royal Society of
Chemistry.

to shorter wavelengths after the transition. In contrast, less-dense
packing structures were obtained by the large substituents in the
crystalline state. With external mechanical stress, the transition to a
random configuration would occur, followed by the formation of
stronger m—7 intermolecular interactions in the amorphous state.
Finally, bathochromic shifts of emission bands were induced. Because
of the environment-sensitive electronic properties and solid-state
luminescent properties, precise control was available.

It was demonstrated that a slight alteration of the molecular
distribution in the crystalline packing manifested as drastic lumines-
cent color changes with group 13 element-blocks. Boron diiminates
showed not only AIE but also crystallization-induced emission
properties.”* Corresponding to the transitions between crystalline
and amorphous states, the emission intensity reversibly changed. In
addition, by introducing chemical modifications, the luminescent
color was altered. These properties were maintained in the conjugated
polymers. The methyl sulfide group was introduced into the copoly-
mer with boron diiminate and the fluorene comonomer, and it was
observed that the emission intensity of the polymer film was enhanced
by oxidation at the sulfide group (Figure 13a).”> The electron-donating
property of the methyl sulfide group was conversely shifted to electron
accepting upon oxidation. Thereby, the electronic structure of con-
jugated polymers should be crucially perturbed, followed by an
emission enhancement from the polymer film. As another example,
the dimethylamine group was introduced into boron diiminate in the
conjugated polymer (Figure 13b).%¢ By exposing the polymer film to
acidic vapor, the emission color turned from red to yellow. Moreover,

a
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the pristine luminescent color was recovered by a treatment with
amine vapor. These data suggest the applicability of AIE-active
element-block polymers as film-type sensors.

Far more precise recognition for volatile organic compounds
(VOCs) was accomplished with another group 13 element-block. It
was discovered that replacing boron with gallium enhanced the solid-
state emissive property with the AlE-active diiminate complex
(Figure 14).7 Tt was proposed that the larger size of gallium could
contribute to the suppression of ACQ efficiently, even in the crystalline
state. Then, a larger emission intensity was obtained from the crystal-
line sample of the gallium complex. Furthermore, it was observed that
gallium could create channels in the crystal packing. As a result, room
for encapsulating VOCs was produced. The optical properties of
gallium diiminate were monitored by fuming 17 types of VOCs.
Interestingly, it was indicated that eight types of VOCs were able to
turn the luminescent color of the gallium diiminate crystal from blue to
green. In particular, it was found that the degree of luminescent
chromism was dependent not on the chemical components of the
captured VOCs but on their radius of gyration. Finally, it was also
demonstrated that precise discrimination of the molecular size of
VOCs by 0.1 A was accomplished by the vapochromic luminescent
property of gallium diiminate. From the structural analysis before and
after fuming VOCs, it was revealed that a crystal-crystal structural
transition was induced, followed by luminescent chromism. This result
indicates that molecular recognition with high accuracy was accom-
plished by the gallium element-block. Because of the solid-state
emission with the environmental sensitivity of gallium diiminate,
VOC recognition was detected as luminescent chromism.

Except for this example, a variety of properties of gallium element-
blocks and polymers have been explored in the recent research.%-104
We have reported on the synthesis of air- and moisture-stable
gallafluorenes by employing a protection group to form the tetra-
coordinate gallium atom (Figure 15).°® Because of the high durability,
a series of optical properties can be monitored. As a result, a bright
phosphorescence was observed from the solution containing galla-
fluorene. In addition, a series of stable conjugated polymers with
tetracoordinate gallium atoms was also prepared, and emission color
tuning was accomplished.”” AIE-active conjugated polymers with
gallium and boron were also obtained.!% From the comparison study
between the electronic roles of boron and gallium in the AIE-active
conjugated polymers, it was revealed that gallium was responsible for
narrowing the energy band gaps of the polymers. From the mechanical

—— FBPI
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0 20 40 60 80
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Figure 17 (a) Photographs of BPI and FBPI under UV irradiation with variable water contents in acetonitrile (1.0x 10=% wm). (b) Changes in emission-intensity
ratios of BPI and FBPI with increasing water content in the samples. Reproduced from Ref. 107 with permission from the Royal Society of Chemistry.
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studies, including theoretical approaches, it was proposed that the
stabilization of the energy levels of molecular orbitals should be
induced by gallium. These data suggest that gallium element-blocks
are a potential platform for obtaining narrow-band gap polymers.
The final topic on group 13 element-blocks is on the logical design
of AlE-active molecules with theoretical calculations based on ‘flexible’
boron complexes.'® From the first report on the AlE-active silole
derivative in 2001, significant efforts have been dedicated to developing
functional luminescent materials based on AlE-active molecules.
Moreover, new molecules possessing AIE and/or other types of
enhanced emission properties in the solid state have been continuously
discovered. However, it is still challenging to theoretically predict an
AlE-active molecular skeleton. As we mention above, we have
investigated the photochemistry of AIE-active boron complexes. From
these data, we developed a hypothesis for designing an AIE-active
boron complex from scratch. In this part, the fundamental concept and
process of developing a novel AIE-active boron complex is explained.

We demonstrated the transformation of the ACQ-presenting boron
complex to the AIE-active dye by replacing one of the coordinated
atoms in the ligand moiety.’® To understand the origin of this drastic
change in the optical properties, we performed theoretical calculations
to estimate the optimized structures.'% Significantly, by comparing
the structure in the ground state obtained from density-functional
theory with the result from the density-functional theory organic
comp calculation, which can provide the structural information on the
excited state, it was suggested that a larger degree of structural
relaxation should proceed in the AIE-active boron complex. It is
reasonable that excitation energy should be effectively dissipated by
vigorous molecular motions in the solution state, followed by emission
annihilation. On the other hand, the molecular motions would be
highly restricted in the condensed state. Thereby, emission could be
recovered. As a result, the typical AIE behavior could be observed.
From these facts, we presumed that ‘flexible’ boron complexes, which
show large structural relaxation, could be a potential AIE-active
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Figure 18 P-Stereogenic macrocycles with a chiral bisphosphine. Only (R,R)-isomers are shown here.

molecule (Figure 16). In particular, these structural relaxations should
be predictable by theoretical calculations estimating the optimized
structures of both ground and excited states. To prove the validity of
this hypothesis, we designed the boron complexes and evaluated their
optical properties.

The boron complex BPI was designed and synthesized
(Figure 17).197 Comparing the optimized structures in the ground
and excited states via the same protocol, it was proposed that a large
structural relaxation should be allowed. To fix the molecular structure,
the fused boron complex FBPI was also prepared. Initially, UV-vis
absorption and photoluminescence spectra were measured in

Polymer Journal

tetrahydrofuran. It was clear that BPI showed little emission, mean-
while FBPI was a luminescent molecule. The larger width of the Stokes
shift obtained from BPI meant that structural relaxation could occur
in the excited state. In the frozen state at 77 K, a significant emission
was observed even in BPI. This fact suggests that excitation deactiva-
tion should be induced by molecular motions. Next, the solid-state
luminescent properties were evaluated with crystalline powders of
both complexes. A significant strong emission was observed only from
BPIL In contrast, FBPI showed a critical ACQ. From the emission
efficiencies, it was shown that BPI should be an AIE- and
crystallization-induced emission-active molecule. From the X-ray



Table 1 Association constants for the 1:1 complexation of crown
ethers with alkali metal ions?

log K,
Entry Compound Lit Na* K* Rb* Cs*
1 (R,R-11 1.50 3.99 2.37
2 (R,R)-15 — — — — —
3 (R,R)-16 1.65 1.00
4 (R,R)-17 2.44 4.53 3.09
5 (R,R)-18 2.37 3.44 4.39 4.23 3.79
6 Benzo-18-crown-6 2.72 3.72 3.96

aCalculated by 3P NMR titration in CDCI3/CD3CN (viv=1/1) at 25 °C.

single-crystal analysis, it was proposed that both phenyl groups could
play a role in the suppression of ACQ in the crystalline state. Recently,
another molecule was designed, and the validity of the strategy based
on a ‘flexible’ boron complex was proved.!® From these data, we
conclude that our strategy based on ‘flexible’ boron complexes should
be valid for designing brilliant new AIE-active molecules. We are
continuously exploring another example with this idea.

P-STEREOGENIC CYCLIC PHOSPHINES FOR CHIRAL
ELEMENT-BLOCKS

When two mirror-image molecules are non-superimposable, like right
and left hands, we call those molecules chiral. Chirality exists in
various molecules, including amino acids and sugars, which make up
the natural world, and this property is essential to understanding the
intrinsic properties of substances, as well as being effective in creating
functional materials. In this section, we reveal that functional units
based on chiral molecules are called ‘chiral element-blocks’ and
combinations of the element-blocks served as the origin for versatile
functional materials. As an example of the chiral element-blocks,
chiral phosphorus atoms were selected. Chirality based on the trivalent
phosphorus atom is used as a stable chiral center because the inversion
energy of the unshared electron pair is high, and the inversion is
restricted at room temperature.'”” Moreover, phosphorus atoms have
a high affinity toward transition metals, and their substituents affect
coordination ability.!'% Therefore, their complexes are widely used as
chiral catalysts.!!'=11> There are several optically active polymers
whose structures are highly controlled by repeating asymmetric
reactions; however, optically active polymers including chiral hetero-
atoms in the main chain are limited. In our group, we have
successfully reported oligomers,!'4117 polymers,'1#-12% dendrimers'?4
and macrocycles,'>713% including chiral phosphorus atoms in the
main chain, and we have revealed their properties and potential
applications.

Recently, we have focused on diphosphacrowns as a kind of
P-stereogenic cyclic phosphine and synthesized various types of
optically active diphosphacrowns with P-stereogenic bisphosphine-
borane complexes. The phosphacrown is a class of crown ethers'** in
which some oxygen atoms have been replaced with phosphorus atoms.
The precursor of the diphosphacrown (S,S)-3-BHj3 was synthesized
from (S,9)-1-BHs, as shown in Scheme 1.128 (S,9)-1-BH; was first
developed by the groups of Evans'?®> and Imamoto,'?® and it was
modified by our group to afford (S,S)-1-BH; with >99%ee (enantio-
meric excess).'”> The methyl group of (S,5)-1-BH; was lithiated by
alkyllithium reagents such as sec-BuLi, and this enabled us to prepare
various P-stereogenic phosphines having different functional groups.
(5,5)-3-BH; was readily converted into the corresponding P-stereo-
genic diphosphacrown, (S,S)-4-BHj;. The enantiomer (R,R)-4-BHj;
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was also synthesized from the corresponding P-stereogenic dialcohol
(R,R)-3-BH;. However, the original synthesis was challenging because
the precursor (R,R)-1-BHj3 had to be prepared with (+)-sparteine.'?’
The problem was solved by the development of another reaction
route. Scheme 2 shows the new synthetic route to obtain both (S,S)-3-
BHj; and (R,R)-3-BH; from 5-BH; with the only (—)-sparteine. The
key point to obtaining (R,R)-3-BH3 was that one of the methyl groups
of 5-BH; was enantioselectively masked with (—)-sparteine, which
enabled the subsequent oxidation coupling reaction of the other
methyl groups.

As the phosphorus atom has a high affinity to various transition
metals, we tried preparing complexes of P-stereogenic diphospha-
crowns (S,5)-4-BHj3 and palladium(II) with PdCl, (cod) (cod=1,5-
cyclooctadiene) as a precursor. Scheme 3 shows the synthesis of (S,5)-
4 and the corresponding diphosphacrown-palladium complex 7a with
PdCl,(cod) in CHCl;. The coordinated boranes were readily removed
by treatment with a strong organic base such as 1,4-diazabicyclo[2.2.2]
octane. The obtained diphosphacrowns were used for the subsequent
complexation without further purification. To investigate the catalytic
activity of 7a, we selected asymmetric 1,4-additions.!>® This reaction
with arylboronic acids to 2-cyclopentenone was investigated with
several  palladium/P-stereogenic  bisphosphine/AgSbFs  catalytic
systems.!?® The use of 7a markedly increased the catalytic activity to
afford the corresponding (R)-3-phenylcyclopentanone with an
expected absolute configuration and 90% isolated yield, 85%ee. When
the larger ring-size diphosphacrown-palladium complex 7b was used
as the catalyst, the reactivity was similar, whereas the selectivity
decreased (81% isolated yield, 30%ee). It was found that ring size is
significant to the selectivity. The application of these materials to
transition metal-catalyzed asymmetric reactions are ongoing.

The P-stereogenic diphosphacrowns present various intriguing
functions; however, the poor isolated yields (~20%) of the enantio-
pure diphosphacrowns would restrict the widespread application of
these compounds. We developed a new synthetic route that afforded
enantiopure diphosphacrowns in substantially better isolated yields
than the previous method.!?” Scheme 4 describes the synthetic route
to the target (R,R)-benzodiphosphacrowns (R,R)-11-BHj; from the
P-stereogenic bisphosphine-borane complex (R)-12-BHs. The key
point for improving the yield was to use (S,S)-10-BHj3 as a precursor.
As a result, the efficiency of the cyclization reaction was successfully
increased. (S,S)-10-BH; was synthesized from (R,R)-13-BH; by a Ru-
catalysed oxidation with K;S,04/KOH and decarboxylation in an 82%
isolated yield. The deprotonation of (S,5)-10-BH3 by #n-BuLi and the
subsequent reaction with an electrophile afforded (R,R)-benzodipho-
sphacrowns (R,R)-11-BH; in a 62% isolated yield. The cyclization
efficiency was high, and we successfully developed effective tools for
approaching various derivatives of cyclic compounds based on chiral
P-stereogenic phosphorus atoms. The optically active phosphacrowns
that were recently reported by our group are listed in Figure 18. For
example, P-stereogenic tetraphosphacrowns, containing four chiral
phosphorus atoms in the main ring scaffold, was synthesized by using
this new synthetic approach.!3°

Next, we were interested in the affinity of diphosphacrowns towards
alkali metal ions in crown ethers. The crown ether (dibenzo-18-
crown-6) was reported by Pedersen in 1967, and it represents a host
molecule that can capture cationic guests such as alkali metal ions or
ammonium ions.!>* The guest selectivity of crown ethers can be
controlled by the ring size, skeleton and donor atoms. To investigate
the guest selectivity of diphosphacrowns, we newly prepared enantio-
pure P-stereogenic 12-, 15-, 18- and 2I-membered aliphatic
diphosphacrowns.'3? The deboronation of (R,R)-11-BH; was carried
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Figure 19 Scheme of guest exchanging of (R,R)-11 and 31P NMR spectra in each state. State A: free (R,R)-11. State B: addition of K* to (R,R)-11=(R,R)-
11-K* complex. State C: addition of Na* to (R,R)-11-K* complex=(R,R)-11-Na* complex. State D: addition of benzo-18-crown-6 to (R,R)-11-K*
complex = State A. All procedures were performed under an Ar atmosphere.
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Scheme 5 Deboranation of (R,R)-11-BH3. lonic radius of alkali metal ions and chemical structure of host compounds.

out, and the resulting (R,R)-11 was readily used for complexation
(Scheme 5). The deboronated products of the aliphatic diphospha-
crowns (R,R)-17-20 were obtained from the same procedure as that of
(R,R)-17-20-BH3;. Their complexation behavior with alkali metal ions,

Polymer Journal

Li*, Na®, K*, Rb" and Cs*, was examined and compared with benzo-
18-diphosphacrown-6 (R,R)-11 and benzo-18-crown-6. The results
are summarized in Table 1. The 15-, 18-, and 21-membered dipho-
sphacrowns encapsulated alkali metal ions to form 1:1 metal



complexes. Interestingly, diphosphacrowns captured smaller alkali
metal ions than common crown ethers, for example, 18-membered
diphosphacrowns interacted more strongly with Na* than K*. The
difference in guest selectivity between diphosphacrowns and common
crown ethers was speculated to result from the cavity size because of
the large phosphorus atom, as well as steric hindrance around the
phosphine moiety. The guest-exchange behaviors of (R,R)-11 were
monitored by using 3'P NMR spectra, as shown in Figure 19. The
addition of three equivalents of Na* to the (R,R)-11-K* complex
solution led to complete guest exchange because of the large K value of
the complexation with Na* [logK(Na*) =3.99] compared with that of
K* [logK(K*)=2.37] (entry 1 in Table 1). The signal at —11.1 ppm
disappeared, and a new signal was observed at —22.5 ppm. On the
other hand, when four equivalents of free benzo-18-crown-6 moieties
were added to the (R,R)-11-K* complex solution, K* was moved to
benzo-18-crown-6, which had a larger K value [logK(K") =3.96, entry
6 in Table 1] than (R,R)-11 [logK(K+)=2.37, entry 1 in Table 1].
Thus, the signal at — 11.1 ppm was shifted to — 0.4 ppm, which was the
identical chemical shift of the free bisphosphine in (R,R)-11.

As clearly observed in the above examples, optically active P-stereo-
genic bisphosphine created various types of cyclic compounds, and
they showed unique functionality. Recently, another functionality was
preliminary observed in the macrocycles. For instance, it was found
that pyridine-containing P-stereogenic diphosphacrown 26 (deboro-
nated compound of 26-BH3) was capable of capturing guest molecules
and especially discriminating (S)- and (R)-type chiral ammonium ions
or p- and 1-type chiral carboxylic acids.!?! These results also prove that
the diphosphacrown has the capacity to capture the guest molecules,
and P-stereogenic bisphosphine has the potential to induce chirality
into the macrocycles. Following these results, we constructed macro-
cycles including two chiral P-stereogenic bisphosphines and pheny-
lene—ethynylene moieties for detecting chirality as circular dichroism
and CPL (circularly polarized luminescence) signals.!** The chiroptical
data obtained from circular dichroism and CPL spectra measurements
were useful for understanding the structural information in the
ground state and in the excited state, respectively. As a result, the
macrocycles 27-BH; and 28-BHj; showed circular dichroism proper-
ties, especially, 28-BH; exhibited good CPL performance
(Qlum =2.0X 1073, @p =0.76, gym = AI/I (AI= e~ Lyighe), where Iiege
and Ijjgp indicate the luminescence intensities of left- and right-
handed CPL, respectively), which indicated that chiral P-stereogenic
bisphosphine induced chirality to the phenylene—ethynylene units
both in the ground state and in the excited state.

The P-stereogenic bisphosphine has versatile applications including
catalysis, the selective encapsulation of metal ions and guest molecules,
and the induction of chirality into macrocyclic structures. Therefore,
P-stereogenic bisphosphine is a representative element-blocks for
creating optically active materials for applications derived from the
intrinsic properties based on the elements.

CONCLUSIONS

We briefly introduced several recent studies on the development of
element-block materials. Apart from the examples demonstrated here,
numerous element-blocks and highly functional materials have been
developed. In these studies, the fundamental characteristics of
heteroatoms were more deeply investigated, and various useful
properties were discovered. Moreover, it should be emphasized that
advanced concepts such as ‘designable hybrids’ and ‘flexible’ boron
complexes were conceived. Each idea is expected to not only be the
driving force for breakthroughs in material research but also be the
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trigger to exploit new research fields. We believe that there is still
considerable potential in the development of element-block materials.
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