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ABSTRACT

We have recently reported multi-state emission of the fused boron ketoiminate 

(FBKI) complexes and their mechanochromic luminescent behaviors. Based on this 

structure, we introduced the thienyl unit for improving molecular planarity and 

facilitating intermolecular electronic conjugation in order to enhance stimuli 

responsiveness luminescent chromism in the solid state. It was found that the 

synthesized complex (FBKI-thio) can form two types of crystal polymorphs and their 

mechanochromic luminescent behaviors. The green-emissive polymorph (crystal A) 

shows typical peak shift triggered by grinding the crystalline powder sample, 

meanwhile the orange-emissive one (crystal B) exhibits multi-step luminescent 

chromism. By tapping, the new two peaks appeared in the shorter wavelength region in 

photoluminescence spectrum, and intensities of these emission bands were enhanced by 

additionally grinding. From the lifetime measurements, it was revealed that new energy 

levels should be generated after the mechanical treatments. By applying tender 

mechanical forces, collapses of regular structures could be partially induced, and 

subsequently the amorphous states should be realized by the following strong forces. It 

is proposed that FBKI-thio is able to sensitively detect these morphology changes in 

solid and present different luminescent color because of enhanced planarity and 

electronic conjugation. We also mention that the applied physical forces can be 

evaluated from the changes in intensity ratios between these emission bands.
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INTRODUCTION

The molecules with mechanochromic luminescent properties have attracted 

tremendous attention as a platform of a chemical sensor for monitoring external forces 

applying to products.1‒8 For example, by using these molecules as a sensor, vital signs, 

such as vascular flow, can be monitored in real time.9 Such information would be 

helpful for establishing daily health care system. Additionally, pressures and distortions 

are able to be evaluated from the optical property changes.10‒12 Therefore, much effort 

has been devoted to discover the key skeletons possessing wide applicability as a 

stimuli-responsive material as well as mechanochromic luminescent property.13‒23 

However, there are still difficulties for meeting the demands based on the single type of 

organic molecules for realizing stimuli-responsive luminescent chromism with high 

sensitivity toward weak forces. Most of luminescence properties from conventional 

dyes are often spoiled in the condensed state due to concentration quenching caused by 

non-specific intermolecular interactions. Furthermore, although concentration 

quenching can be suppressed through inhibition of intermolecular interactions by 

introducing bulky substituents around the chromophore units24‒27 or by wrapping 

emissive molecules by the transparent matrices28 to isolate chromophores from 

neighboring molecules, the resulting solid-state luminescent molecules tend to be 

insensitive toward environmental changes. Hence, the limited numbers of the design 

strategies are available for obtaining small-type of molecules having mechanochromic 

luminescence.

Boron complexes have been paid attention as a platform for developing solid-state 

luminescent materials with stimuli-responsiveness because of superior intrinsic 

Page 4 of 32Materials Chemistry Frontiers



luminescent properties, such as large light-absorption ability, intense luminescent 

property and tunability of optical characters by chemical modification.29 The small 

number of molecules can avoid concentration quenching and very few showed 

luminescent chromism without decreases in luminescent properties by applying 

mechanical forces to their solid samples. In the previous examples, the most common 

mechanism is based on structural transitions between crystal and amorphous phases.30 

By adding mechanical forces into the crystalline samples, regular structures are 

collapsed, followed by significant changes in molecular distributions. Finally, 

mechanochromic luminescence can be induced through the alteration of degree of 

intermolecular interactions. We have also found that the class of boron complexes 

presenting large degree of structural relaxation in the excited state can show 

aggregation- and/or crystallization-induced emission properties.31 By utilizing these 

skeletons as an “element-block”,32,33 which is defined as a minimum functional unit 

consisting of heteroatom, solid-state luminescent conjugated materials and polymers 

have been developed.34‒42 In particular, based on the strategy for preserving solid-state 

luminescent property of boron ketoiminate,43,44 we designed the fused structure and 

observed multi-state constant emission intensity as well as mechanochromic 

luminescence.45,46 Next, we sought to evolve mechanochromic luminescent properties.

Herein, we report multi-step mechanochromic luminescence from rationally-designed 

thiophene-connected fused boron ketoiminate (FBKI, Scheme 1). By varying solution 

components in recrystallization, green and orange-emissive crystalline polymorphs were 

obtained. Both samples showed mechanochromic luminescence. Interestingly, by 

adding weak mechanical forces by tapping to the crystalline sample with orange 
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emission, luminescent chromism to yellow was observed. Consequently, green emission 

was detected by applying stronger forces through grinding treatments. From the 

deconvolution of peak shapes, it was revealed that the luminescence spectra in the solid 

state of the complex are composed of three independent emission bands. By adding 

mechanical forces, alteration of the existence ratio of these chromophores occurred, 

resulting in multi-step luminescent chromism. This is the first example, to the best of 

our knowledge, to offer luminescent chromism originated by the generation of different 

kinds of chromophores by physical forces without chemical degradation.
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RESULTS

Boron ketoiminates43,44 possessing aggregation-induced emission (AIE) properties 

are regarded as a versatile element-block for obtaining stimuli-responsive solid-state 

luminescent materials, and indeed the series of chemical sensors have been developed. 

Recently, we have reported multi-state emission of the boron ketoiminate 

derivatives.45,46 By introducing the fused structure47‒57 at the nitrogen atom in the 

ketoiminate ligand, we expected that molecular motions should be effectively 

suppressed.58,59 Therefore, excitation deactivation due to intramolecular motions is 

likely to decrease. As a result, fused boron ketoiminates show constant emission 

efficiencies in the solid state, such as the amorphous and crystal forms, as well as in 

solution. Moreover, the fused boron ketoiminates showed luminescent chromism 

originated from changes in intermolecular interaction. Based on these results, we sought 

to realize multi-step luminescent chromism by applying external forces. By replacing 

the phenyl group to the thienyl ring, high planarity and strong intermolecular interaction 

could be enhanced.60 Consequently, optical properties could be sensitively influenced 

by molecular environmental alterations induced by morphology changes.

The synthetic protocols for thienyl fused boron ketoiminate (FBKI-thio) are shown in 

Scheme 1. After the Suzuki−Miyaura cross coupling reaction, the desired product, 

FBKI-thio was obtained as a yellow powder (crystal A) from recrystallization. The 

chemical structure of the product was examined with 1H, 11B and 13C NMR 

spectroscopies (Charts S1−S6), high-resolution mass measurement, elemental analysis, 

and X-ray crystallography, and it was confirmed that the desired molecule can be 
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obtained. The products showed good stability under air even against heating and 

solubility in common organic solvents such as chloroform, dichloromethane and 

tetrahydrofuran (THF). From these data, we concluded that the products had enough 

stability for following optical measurements. Intense emission was presented both in 

solution and solid. From the optical measurements in THF, the absorption and emission 

bands were observed in relatively-longer wavelength regions from FBKI-thio than those 

from FBKI (Figure S1, Table S1).45 From the data from cyclic voltammetry and 

quantum calculations (Table S2, Figure S2), elevation of energy level of highest 

occupied molecular orbital (HOMO) was observed from FBKI-thio, suggesting that 

electronic conjugation should be developed because of strong electron-donating ability 

of thiophene than that of benzene. When FBKI-thio was recrystallized from methanol at 

50 °C, the orange crystal (crystal B) was obtained. In other cases where common 

organic solvents such as THF, chloroform and so on are used as a solvent, only crystal 

A was obtained. Since the identical 1H NMR spectra were obtained between crystals A 

and B, we concluded that crystal polymorphs can be separately prepared by selecting 

the type of solvents in recrystallization.

Scheme 1

Intense emission was observed from both crystals. To evaluate optical properties, 

photoluminescence (PL) spectra were initially measured (Figure 1). The emission band 

of crystal A was observed in the green region with the peak at 500 nm. In the PL 

spectrum of crystal B, the emission band appeared in the longer wavelength region 

(λem,max = 566 nm) than that of crystal A. It should be noted that such large difference in 
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the maximum wavelengths of emission bands is very rare in the crystal polymorphs. 

Initially, from the 1H NMR measurements with both crystals, It is clearly shown that 

both crystals include no solvent molecules, meaning that this large degree of difference 

might be originated from different packing structures and strengths of intermolecular 

interactions (Figure S3). Indeed, much higher thermal stability and melting temperature 

were detected from crystal A (Figure S4, Table S3). Fortunately, the packing structure 

of crystal A was determined by X-ray crystallography (CCDC #1957640) and compared 

to that of FBKI, while crystal B was not applicable for the analysis due to fragility 

(Figures S5 and S6, Table S4). Accordingly, it was shown that FBKI-thio has high 

planarity and tight packing than FBKI as we expected. In strongly-packed crystals, 

stabilization effects can be often obtained by large overlaps of molecular orbitals.61 

Thus, it is speculated that crystals of FBKI-thio might include stronger − interaction 

than those of FBKI. According to phase-transition temperatures obtained from DSC 

data, crystal A has higher values (Table S3). In crystal A, stacking, which generally 

plays a significant role in the improvement of thermal stability, was confirmed 

according to X-ray crystallography. On the other hand, since crystal B shows high 

sensitivity toward external stimuli as mentioned later, it is implied that intermolecular 

interaction could be hardly obtained. Therefore, larger degree of structural relaxation 

should be acceptable in the excited state. Thus, the emission band could appear in the 

longer wavelength region. This speculation might be supported by the fact that lower 

phase-transition temperatures were detected from crystal B. 

Figure 1
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Next, mechanochromic luminescent behaviors of both crystals were investigated 

(Figure 1). The crystalline samples were ground in an agate bowl, and changes in 

emission color were monitored. Both crystals A and B clearly showed luminescent 

chromism after applying mechanical stimuli basically to the blue-shifted color. 

Interestingly, crystal B displayed multi-step changes by smashing and subsequently 

grinding with the pile of crystal particles. Striking forces were applied to crystal B with 

a small bar such as a spoon until these particles were turned into much smaller pieces 

(named as B-smashed, B-s). The resulting B-s showed yellowish-green emission, which 

is obviously blue-shifted luminescent color compared with that of the pristine B. 

Continuously, when ground into the powder under additional large forces for a long 

time, the sample (named B-ground, B-g) showed further blue-shifted emission color. 

Overall, the two-step mechanochromic luminescence was observed in the transitions 

from crystal B (orange) to B-s (yellowish-green) by smashing and from B-s to B-g 

(yellow) by grinding.

The mechanochromic luminescent behaviors were analyzed with PL measurements 

(Figure 1, Table 1). We applied mechanical forces to the pristine samples until emission 

color changes were no longer detected. From crystal A, typical spectra were obtained. 

Before grinding, crystal A presented the unimodal emission band. Correspondingly, the 

blue-shift occurred by the grinding treatment for 10 min, and the unimodal band was 

detected in the shorter wavelength region from A-g (Figure S8a). By smashing, 

significant changes were hardly observed. In contrast, unexpected spectrum features 

were observed from crystal B. The initial sample of crystal B exhibited a unimodal 

spectrum. It should be noted that the multimodal shape with the peak and shoulders 
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around 480, 525 and 565 nm was observed from B-s by smashing for 5 min (Figure 

S8b). After grinding for additional 20 min to prepare B-g, the dual-modal spectrum with 

the peaks around 480 and 525 nm was obtained. B-g was also directly obtained by 

grinding the pristine B. The peak shifts have been usually observed from the organic 

mechanochromic luminescent dyes in the previous reports, similarly to crystal A. In 

contrast, isolated emission bands appeared in FBKI-thio. It is suggested that multiple 

states should be generated by the mechanical forces in the case of the 

orange-luminescent crystal of FBKI-thio. We also investigated reversibility by heating 

at 80 °C for 1 h and emission spectra and powder X-ray diffraction (P-XRD) were 

examined (Figures S9 and S10). From A-g and B-g, reversible changes to emission 

colors like A and B-s with partially B were observed once the samples were melted by 

heating, respectively. It is implied that molecular distributions might be preserved in the 

apparent melting state. In summary, it can be said that FBKI-thio has luminescent 

chromic materials.

Table 1

To obtain deep insight from the PL spectra, we performed the peak separation 

through the mathematical shape analysis. A peak is presumed to be a unimodal Gauss 

shape, and deconvolution was carried out for extracting each peak (Figure 2, Table 2). 

In the pristine crystals A and B and A-g, only the single peak was able to be obtained, 

meanwhile two significant peaks were obtained in the shorter wavelength region with 

the peaks at 529 and 490 nm from B-s and B-g than that at 560 nm in crystal B. 

Notably, the ratio of the peak area of the peak around 490 nm increased in B-g, 
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indicating that new energy states are able to be generated by applying the mechanical 

forces to crystal B. By changing the existing ratios among these species, multi-step 

luminescent chromism is induced.

Figure 2, Table 2

To support the above discussion regarding the generation of new species by the 

mechanical treatments, the emission lifetimes were estimated at the peak and shoulder 

wavelength positions (Tables 1 and S5, Figure S7). The most significant point is the 

generation of the new component in crystal B after the treatment. In the pristine crystal 

B, two components with relatively shorter lifetimes were observed at 566 nm, while the 

third component with the longer lifetime appeared in B-s. In particular, by changing the 

detection wavelength to 529 and 490 nm, larger and smaller proportions of the longer 

lifetime component and the shorter ones were observed, respectively. This tendency was 

much clearly exhibited in B-g, meaning that the new excited states, from which the 

shorter-wavelength emission bands with longer lifetimes are promised to be generated, 

are created by the mechanical treatments with B. In the case of crystal A, significant 

changes were hardly detected, indicating that luminescent chromism should be caused 

by the structural change from the regular structure to random distribution. According to 

the previous report on multi-step luminescent chromism with the boron complex, the 

mechanical treatment such as tapping generates defect sites, followed by collapse of 

crystalline packing.62 Owing to high responsivity of FBKI-thio to environmental 

alterations, each step can be detected and different emission color was exhibited.
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In the case of crystal B, the emission quantum yields were lowered, and shorter 

effects on each component were observed during the transitions not only from crystal B 

to B-s but also from B-s to B-g. Molecular mobility would be facilitated by losing 

regular structures in solid. Hence, decreases in lifetimes as well as emission quantum 

yields should be detected. Before and after the grinding treatment with crystal A, two 

components were obtained from the curve fitting, and similarly to crystal B, these two 

lifetimes were shortened by grinding. It is likely that molecular motions should be 

enhanced in the amorphous state caused by mechanical forces, followed by rapid decay 

in the excited state. Loss of the quantum yield supports this mechanism.

P-XRD measurements were performed to examine morphological changes of two 

crystal phase (Figure 3). Broader peaks were observed from A-g than that of crystal A, 

indicating that regular structures should be disrupted by mechanical stimuli. In crystal 

B, B-s showed new diffraction peaks except for those at the same positions with crystal 

B. It is likely that crystalline structures were gradually collapsed by mechanical stimuli, 

and new fracture surfaces could be generated by smashed. The molecules near these 

critical surfaces might provide the second component in the lifetime measurements. 

After the grinding treatment with B-s, some of new peaks disappeared and the same 

pattern to that of A-g was finally obtained. These common broad peaks at the same 

diffraction angles in the P-XRD patterns of A-g and B-g imply that that FBKI-thio 

could keep regular structures at the molecular level in both polymorphs even after 

strong grinding treatments. Therefore, the first components can be detected in the 

lifetime measurements. In summary, the multi-step mechanochromic behavior should be 

originated from gradual structural disruptions of crystal B. It is likely that tiny fraction 
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surfaces generated by smashing, followed by grinding should be included in B-g. 

Further, existence ratios of these fractions and amorphous, in which X-ray scattering 

hardly occurs, are also varied. Therefore, B-g showed different emission color from that 

of A-g although the same P-XRD pattern was apparently observed.

Figure 3

DISCUSSION

The single-step luminescent chromism of crystal A is able to be explained by the 

characteristic crystal packing. Similarly to other boron complexes, the closely-packed 

structure was observed in crystal A. Therefore, it is likely that excitation deactivation 

caused from molecular vibrations can be efficiently suppressed by structural 

restriction.58,59 Moreover, the emission bands tend to appear in the long wavelength 

region since energy levels received the stabilization effect originated from large 

overlaps of molecular orbitals. By adding mechanical forces to the crystalline samples, 

collapses and disordering of regular structures would be induced, leading to random 

distribution in which the stabilization effect critically decreased. As a result, degree of 

overlaps of molecular orbitals could be lowered in the disordered state. Finally, 

blue-shifted emission bands with smaller quantum yields were observed after grinding. 

In the multi-step behavior of crystal B, similar scenario can be proposed. The emission 

color changes by the mechanical stimuli are originated from changes of molecular 

distributions. When the crystal B with the tightly-packed structure is smashed, collapses 

partly occurred. The FBKI-thio molecules located around defects could show the new 

emission band at the shorter wavelength region. By applying stronger mechanical 
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forces, the proportion of disordered structures should be enhanced and correspondingly 

the emission band at much shorter-wavelength region became dominant. Consequently, 

the next luminescent chromism was detected. Not only solid-state luminescent property 

but also sensitivity toward environmental changes of FBKI-thio should play a key role 

in multi-step optical changes.

  Luminescent color at each state can be depicted by the combination with two and 

three different kinds of emission bands of crystals A and B, respectively. From the 

calculation of intensity ratios at the peak wavelength in each mechanochromic state, 

clear difference was observed (Table 2). In particular, owing to three distinct 

components, crystal B enables us to describe emission properties as three kinds of 

intensity ratios. This demonstration could be applicable for the quantitation of applied 

mechanical forces to the products by using our luminescent dye as a coating-type 

indicator.

CONCLUSION

  Based on the multi-state luminescent FBKI skeleton, the solid-state luminescent 

boron complex with enhanced stimuli responsiveness was designed by introducing the 

thienyl unit for improving molecular planarity and electronic conjugation. The 

synthesized complex showed solid-state luminescence and two types of crystal 

polymorphs having mechanochromic luminescent properties. Especially, one of the 

crystal polymorphs exhibited multi-step luminescent chromism by tapping and 

subsequently grinding the powder sample. According to the peak deconvolution of PL 
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spectra and optical data, it is shown that different kinds of energy levels should be 

created by the mechanical treatments through gradual disruptions of tight crystalline 

structures. Our strategy to enhance planarity and electronic interaction in solid-state 

luminescent dyes could be versatile not only for obtaining stimuli-responsive optical 

materials with far higher sensitivity in subtle environmental alterations but also for 

unique luminescent chromic properties as shown here.
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FIGURES AND TABLE

Scheme 1. Synthesis of FBKI-thio
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Figure 1. Appearances under UV irradiation (365 nm) and solid-state PL spectra of 

crystals (a) A and (b) B before and after the mechanical treatments with the excitation 

light at the absorption maximum wavelength (400 nm).
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Figure 2. Peak deconvolution of emission spectra of FBKI-thio before and after the 

mechanical treatments.
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Figure 3. XRD patterns of FBKI-thio.
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Table 1. Luminescent properties of FBKI-thioa

em 
(nm)

PL
b 1 

(ns)c
2 

(ns)c
3 

(ns)c
2

A 500 0.20 2.88
(40%)

1.78
(60%)

1.07

A-g 487 0.15 2.32
(39%)

1.06
(61%)

1.12

B 566 –d 1.64
(57%)

0.65
(43%)

1.17

B-s 529 0.04 4.34
(40%)

1.84
(28%)

0.54
(32%)

1.04

B-g 491 0.03 4.03
(32%)

1.22
(36%)

0.37
(32%)

1.03

Solutione 466 0.29 0.93 1.04
a Excited at λabs (400 nm) and 375 nm in static and kinetic measurements, respectively.

b Determined as an absolute value in the integration sphere.

c Detected at λem. Proportion of each component is shown in the parentheses.

d Not detectable due to fragility of the sample.

e Measured in THF (1.0 × 10−5 M).
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Table 2. Results of the peak deconvolutiona

λ1 (nm)d λ2 (nm)d λ3 (nm)d A1/A2
b A1/A3

b A2/A3
b

A 501
A-g 487

(39%)
515

(61%)
0.63

B 566
B-s 490

(6%)
523

(39%)
570

(56%)
0.15 0.10 0.69

B-g 488
(13%)

514
(41%)

556
(46%)

0.32 0.28 0.87

a Proportion of peak area is shown in parentheses.
b Calculated with the peak areas.
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