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Modulation of sensitivity to mechanical stimulus
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substituent positions in solid-state emissive diiodo
boron diiminates†
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This manuscript describes modulation of the sensitivity to mechanical forces in diiodo boron diiminates

by altering the substituent position of iodine groups. A series of modified complexes were prepared, and

their solid-state luminescence properties based on aggregation and crystallization-induced emission

mechanisms were observed. By adding mechanical forces to the crystalline samples of each complex,

changes in the optical properties were monitored. Interestingly, peak shift degree of the emission bands

was varied. From X-ray crystallographic analyses, it was shown that molecular distributions in the crystal

packing significantly depended on the positions of the iodine groups in the complex. In particular, it was

found that by increasing the dihedral angles between the phenyl substituents and the boron-containing

six-membered ring, a larger peak shift width was obtained. Finally, the most planar conformation of the

complexes was detected from the complex insensitive to mechanical forces. It was suggested that

intramolecular electronic conjugation in the initial crystalline state could be responsible for the degree

of peak shift. This is the first example, to the best of our knowledge, to offer regulation of sensitivity to

mechanical forces in a series of structural isomers with the same chemical component.

Introduction

Mechanochromic luminescent dyes are a potential versatile plat-
form for developing advanced optical materials such as writing-
type memories, sensors, and bioprobes.1–13 Therefore, development
of new series of mechanochromic luminescent materials and
establishment of strategies for regulating luminochromic proper-
ties by an external stimulus with solid-emissive materials are a
topic of high relevance.14–32 The class of luminescent molecules
that exhibit emission not in a solution but in an aggregation
is categorized in an aggregation-induced emission (AIE)-active
material.33–38 Intramolecular motions, which usually consume
excitation energy in a solution state, can be suppressed in an
aggregation. Therefore, strong emission can be observed only
from the solid samples involving films, crystals and aggregates.
Moreover, by combining stimuli-responsivity with solid-state
emission properties of AIE-active molecules, various types
of mechanochromic luminescence behaviors via alteration of

the morphology and degree of intermolecular interactions,
such as stacking, hydrogen bonds, and excimer formation,
were accomplished.39–43

Boron diketonates are a class of emissive organoboron com-
plexes, and various unique optical properties including mechano-
chromic luminescence have been reported.44–56 We reported that
boron ketoiminates and diiminates also work as an AIE-inducible
‘‘element-block,’’57 which is defined as a functional building block
composed of heteroatoms.58,59 For instance, simply by intro-
ducing ketoiminate and diiminate structures into the main-chain
conjugation, AIE-active polymers, solid-state emissive materials
and film-type chemosensors were readily prepared according
to preprogrammed designs.60–64 It was shown that the intensity
of AIE was significantly enhanced by the crystal formation
(crystallization-induced emission, CIE).59 Reversible changes in
the emission intensity were accomplished by the phase transi-
tions between crystal and amorphous states. Moreover, it was
found that some boron ketoiminate complexes showed mechano-
chromic luminescence behaviors, and the direction of fluoro-
chromism could be regulated by modulating the size of the end
groups.64 From the structural analyses of the crystalline states,
it was suggested that the degree of intermolecular interactions
such as p–p stacking could be responsible for emission color.
By altering molecular morphology to a random distribution by
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grinding, the degree of molecular interaction could be changed,
leading to fluorochromism. To date, emission colors and direc-
tions of color changes have been accomplished, as we reported
previously.64 Next, our goal is to modulate degree of peak shift by
chemical modification with the single platform molecule. This
challenge should be feasible for establishing a strategy for further
precise control of mechanical force-induced chromic behaviors.

In this report, modulation of the sensitivity in mechanochromic
luminescence toward mechanical forces is presented based on
diiodo boron diiminates by changing substituent positions. A series
of AIE and CIE-active complexes with the same chemical compo-
nent but variably substituted positions were prepared. Interestingly,
although most modified boron diiminates showed mechano-
chromic luminescence behaviors by the structural transition from
crystalline to amorphous, the width of the peak shifts was diverse.
In addition, a molecule that was insensitive to the grinding
treatment was obtained. To gather information on the mechanism,
structural analyses with crystalline samples were executed. From
the series of data with diverse crystal packings, the relationships
between degree of molecular planarity in the initial crystalline state
and the width of peak shifts were proposed. By increasing mole-
cular planarity, the width of peak shifts decreased. The most planar
complex in this study showed an insensitive response to mechan-
ical forces. In summary, structural diversity in the crystal packing
was generated depending on the positions of the substituents,
leading to different emission properties affected by molecular
planarity. By adding mechanical forces, structural and subse-
quently optical diversity were cancelled. Thus, sensitivity changes
in fluorochromism should be obtained. This is the first example,
to the best of our knowledge, demonstrating regulation of the
sensitivity of mechanochromic luminescence properties with the
single platform structure having the same chemical component.

Results and discussion

According to the previous report on AIE-active boron ketoiminates
with mechanochromic luminescence properties, the introduction

of iodine groups to the complex induced drastic changes in
solid-state emissive properties.9 It was suggested that iodine
groups should play a significant role in disturbing stacking in
the crystalline state because of steric hindrance. Therefore,
intrinsic yellow emission was observed. By grinding the crystal-
line sample, random distribution and free conformation for
extending electronic conjugation and forming stacking inter-
action could be induced. As a result, the red-shifted emission
was observed. This result implies that not only optical proper-
ties in the crystalline state but also changes in the emission
behavior during morphology transition between crystal and
amorphous states can be modulated by introducing the bulky
substituent into the solid-state emissive molecule. To evaluate
the validity of this idea, we designed the series of diiodo boron
diiminates 4a–d and compared their optical properties.

The diiodo ligands 3a–d with different substituent positions
were synthesized via coupling reactions with N-phenylimines 1a–c
and imidoyl chlorides 2a–c (Scheme 1).7 The desired boron com-
plexes 4a–d were prepared by boron complexation using BF3�OEt2.
It was confirmed that the products possessed the designed
structure according to the characterization data with 1H, 11B, 13C
and 19F NMR spectroscopies and mass measurements (see ESI†).
The synthesized complexes hardly showed degradation under
ambient conditions. From the recrystallization, single crystalline
samples were obtained. The series of analyses for the determina-
tion of the structure and for the optical measurements were
performed with these crystalline samples. Thermal properties
of the synthesized complexes were investigated by thermogravi-
metric analysis and differential scanning calorimetry (Fig. S5 and
Table S1, ESI†). It was found that boron diiminates showed
melting points around 240–262 1C, sufficiently lower than their
decomposition temperatures with 5% weight losses (295–316 1C).
Therefore, the amorphous states were prepared by rapid cooling
with the melted samples.

The basic electronic structure of the complexes was compared
with a series of optical measurements. The electronic structures
in the ground state were evaluated from the UV-Vis absorption

Scheme 1 Synthetic route of boron diiminates.
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spectra (Fig. 1 and Table 1). In the diluted chloroform solutions,
all complexes presented similar shapes of absorption bands with
peaks around 381 nm attributable to p–p* transitions. This fact
means that the substituent positions of dual iodine groups hardly
influence the electronic structure of boron diiminate in the
ground state. To determine the energy levels of the complexes,
electrochemical properties of the complexes were investigated by
cyclic voltammetry (CV) (Table S2, Fig. S6 and S7, ESI†). HOMO
and LUMO energy levels were estimated from the onset values in
the first oxidation and reduction waves by the empirical formula,
respectively. It was observed that the HOMO and LUMO energy
levels of all complexes were nearly at the same level. From these
data including the optical properties, it is revealed that the
electronic structures of all complexes in the ground state are
independent of the substituent positions of iodine groups. To
theoretically support the abovementioned electronic properties
of all complexes, density functional theory (DFT) calculations
at the B3LYP/6-31G(d) level were performed (Fig. S8, ESI†).
Accordingly, the order of the HOMO–LUMO band gaps (Eg) and
the energy levels were obtained at the similar level. This theo-
retical result shows good agreement with the experimental data
from the UV-Vis absorption and CV measurements.

To evaluate the electronic properties in the excited state,
photoluminescence (PL) spectra of modified boron diiminates
were investigated in both the solution and solid states (Fig. 2 and
Fig. S9, ESI† Table 1). For investigating the influence of mole-
cular distribution on emission properties, three types of powder
samples were prepared. By crushing the crystal powder, the ground
sample was obtained. The amorphous sample was obtained after
rapid cooling from the melted state. Initially, it was found that in
the chloroform solutions, all complexes showed slight lumines-
cence (F o 0.01). In contrast, specific emission properties were
obtained from all solid samples. In particular, the crystalline

samples of all complexes presented larger emission efficiencies
than the ground and amorphous samples. This fact clearly
indicates that modified boron diiminates have not only AIE but
also CIE properties. Emission efficiencies of modified boron
diiminates were lower than those of the previous diiminate
complexes.59,61 Similar to pristine boron diiminate, phospho-
rescence was obtained at 77 K in 2-methyl THF (Fig. S14, ESI†).
It is likely that the heavy atom effect of iodine induces inter-
system crossing, resulting in the increase of the proportion of
non-radiative decay at ambient temperature.

Mechanochromic luminescence properties of all complexes
were compared by degree of peak shift after grinding. From the
powder X-ray diffraction analyses, it was revealed that ordered
structures collapsed on grinding (Fig. S10, ESI†). The emission
band of 4a showed a bathochromic shift by +23 nm after the
grinding treatment. 4b and 4c also showed bathochromic shifts
in the PL spectra by +5 nm and +10 nm, respectively. Interest-
ingly, the emission band of 4d hardly showed a peak shift
(+1 nm). These data clearly mean that the sensitivity of mechano-
chromic luminescence properties of all complexes to mechanical
stress significantly depends on the substituent positions of the
iodine groups. In other words, electronic structures in the excited
state can be tuned by modulating the position of functional
groups despite the chemical components being exactly same.
After grinding, all complexes showed emission bands at almost
the same positions. On the other hand, the positions of the
peak tops of the emission bands were diverse by the substituent
positions. In particular, the crystalline sample of 4d intrinsically
presented the emission band at the same position as that from
the amorphous sample. These data mean that diversities in the
optical property should be cancelled by grinding. It is likely that
ordered structures in the crystalline samples would collapse from
mechanical forces. Then, similar electronic environments could
be realized by the formation of random distribution.

To gather information on the mechanism of differences of the
sensitivity in mechanochromic luminescence properties, X-ray
structural analyses were executed with crystalline samples (Fig. 3
and Tables S3–S6, ESI†). A significant feature was revealed from
the packing parameters of the crystals (Table 2). Emission proper-
ties of boron diiminates were greatly influenced by the electronic
structures at the ligand moiety.58 The molecular planarity of
the ligand moiety was higher than those of other complexes
according to the dihedral angles (b angle) between the phenyl
rings linked to the imine carbons and the boron-containing six-
membered ring (421 and 481). In the crystalline samples of 4a–c,
the distorted conformations represented by larger b angles were

Fig. 1 UV-Vis absorption spectra of 4 in CHCl3 (1.0 � 10�5 M).

Table 1 Optical properties of 4

labs
a [nm] lPL,sol

a,b [nm] lPL,cr
b,c [nm] lPL,gr

b,d [nm] lPL,am
b,e [nm] FPL,cr

c,f FPL,gr
d,f FPL,am

e,f

4a 381 473 474 497 534 0.04 0.02 0.02
4b 382 480 490 495 533 0.04 0.01 0.01
4c 382 480 489 499 538 0.04 0.01 0.01
4d 381 478 495 496 538 0.04 0.02 0.01

a Measured in CHCl3 (1 � 10�5 M). b Excited at labs.
c Measured in crystalline states. d Measured in grind states. e Measured in amorphous states.

f Determined as an absolute value using the integrated sphere method.
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obtained (4a: 491, 551; 4b: 441, 451; 4c: 451, 521). The order of
magnitude of distortion corresponded to the width of the peak
shifts. These data represent that the degree of electronic

conjugation could be enhanced by improving the planarity of
molecular conformation. Because higher planar structures are
favorable for extending the conjugation system, the emission
band in the relatively longer wavelength region can be observed
from the crystalline sample particularly with 4d. From these
data including structural parameters and optical properties,
a plausible scenario can be proposed. By changing the positions
of the substituent groups, a structural diversity is realized in
the initial crystalline state. The planarity in each complex in the
crystal packing is also varied, leading to the alteration in the peak
position of emission bands. By grinding the crystalline samples,
random distributions and conformations should be induced,
resulting in the cancellation of structural and optical diversities.
Finally, a sensitivity difference in mechanochromic luminescence
should be obtained in this system. In the crystalline samples of
4b and 4c, the complexes were aligned in the plane and partially
formed stacking (Fig. 3). The phenyl rings directly connected to
the imine carbon formed stacking in 4a (white circle). It is likely
that a structural restriction should exist in these crystals. In
contrast, the space group of 4d was distinctly different from those
of other complexes. The perpendicular distribution toward the
neighboring molecules was confirmed. Smaller intermolecular
interaction including stacking should be formed in 4d. It is
implied that significant alteration in electronic interactions
might be hardly induced to 4d during the grinding treatment.
Thus, the insensitive response might be obtained.

Conclusion

Synthesis and optical properties of the series of modified boron
diiminates with mechanochromic luminescence properties are
presented. In particular, it was clearly demonstrated that sensitivity
in luminescence chromism toward mechanical forces depended
on substituent positions in the complexes. From the view point of
material design, based on the difference between AIE and CIE
behaviors, mechanochromic luminescence properties can be
realized. In the solid state, strong intermolecular interaction is
usually formed, and significant changes in electronic structures
can be induced by the morphological transition between crystal-
line and amorphous phases. In this study, it is proposed that the
luminescence chromism can be accomplished via the cancella-
tion by the formation of amorphous state to the diversity of
optical properties in the initial crystalline state. Finally, it was
demonstrated that chromic luminescent materials both sensitive
and insensitive toward an external mechanical stimulus can be
simultaneously obtained among boron diiminates with the same
chemical component molecules. Our strategy should be valid
not only for the preparation of mechanochromic luminescence
molecules but also for precise modulation of chromism proper-
ties to produce advanced functional materials.

Acknowledgements

This study was partially supported by the Research Institute for
Production Development (for K. T.) and a Grant-in-Aid for Scientific

Fig. 2 PL spectra of 4 in (a) crystal, (b) ground and (c) amorphous states.

Fig. 3 Packing structures in the crystals of 4.

Table 2 Molecular structures in the crystalline samples

a1 [degree] a2 [degree] b1 [degree] b2 [degree] lPL,cr [nm]

4a 61 50 55 49 474
4b 59 45 45 44 490
4c 54 51 52 45 488
4d 58 53 48 42 495

a1 4 a2, b1 4 b2, g1 4 g2.
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