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SUMMARY

Because of its unique electronic properties, o-carborane has at-
tracted attention as a scaffold for constructing solid-state lumines-
cent materials. Here, we report stimulus-responsive luminochromic
materials based on polycyclic aromatic hydrocarbon (PAH), such as
anthracene and pyrene, modified with the ethynyl-o-carborane
unit. Initially, luminochromism originating from switching of
different emission mechanisms is described between intramolecular
charge transfer (ICT) emission and excimer emission triggered by
mechanical stimuli, heat, and vapor annealing regarding the single
o-carborane-substituted anthracene. Next, the luminescence prop-
erties of two ethynyl-o-carboranes at both ends of PAHs are pre-
sented. In particular, multi-step mechanochromic luminescence of
the pyrene derivative is explained. Stepwisely changes triggered
by weak stimuli that can induce cracking sites, followed by lumino-
chromic behavior and by grinding treatment, which causes phase
transition from crystal to amorphous, leading to luminescent mech-
anism changes from ICT emission to excimer emission.
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INTRODUCTION

o-Carborane is an icosahedral cluster composed of 10 boron and two carbon

atoms.1–5 Because of its unique electronic properties, such as a strong electron-ac-

cepting ability when bonded at the carbon atom, o-carborane has attracted atten-

tion as a scaffold for constructing solid-state luminescent materials. In particular,

from the findings of aggregation-induced emission (AIE) from o-carborane-contain-

ing polymers, various unique luminescence behaviors, such as AIE, crystallization-

induced emission, and stimulus-responsive luminochromism, have been discovered

in the conjugated molecules, involving o-carborane-aromatic rings.6–12 Advanced

optical materials with circular polarized luminescence13,14 and laser amplification

properties15 were obtained based on o-carborane derivatives. One significant

photochemical character is switching of the excitation states between locally excited

(LE) and intramolecular charge transfer (ICT) states by intramolecular rotation in the

polycyclic aromatic hydrocarbon (PAH)-modified o-carboranes (Figure S11).16–18

When the angle of the C-C bond to thep plane is parallel (0�), electronic conjugation
is minimized between the aryl moiety and the o-carborane unit.19 Therefore, very

weak LE emission from the aryl moiety is observed in solids because of critical con-

centration quenching. In contrast, ICT emission can be observed from the perpen-

dicular conformation between the C-C bond to the p plane. The o-carborane unit

can rotate in the excited state in crystals, followed by solid-state luminescence

with the ICT character.13,20,21 For example, anthracene-tethered o-carborane

(CBA; Figure 1) has AIE with the ICT character, and the high solid-state emission
Cell Reports Physical Science 3, 100758, February 16, 2022 ª 2022 The Author(s).
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Figure 1. Chemical structures of o-carborane derivatives used in this study
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efficiency depended on the type of substituents (R in Figure S11).20 In the case of

methyl and trimethylsilyl groups, almost quantitative emission efficiencies were de-

tected. Moreover, by suppressing rotation by introducing a bulky substituent at the

adjacent carbon, almost quantitative solid-state emission yields were obtained.20 It

has been demonstrated that thermochromic luminescent properties in crystals can

be controlled by regulating the energy barrier in the rotation of the o-carborane

unit with the substituents around o-carborane units.22,23 Thus, PAH-o-carborane is

a promising platform for designing not only solid-state luminophores but also stim-

ulus-responsive materials. Especially mechanochromic luminescent materials pre-

senting irreversible changes by mechanical forces can be used as a stress memory

without a battery or wiring. If the materials can detect weak mechanical forces,

then highly sensitive detection would be expected.

We have proposed the concept of designing functional materials based on an

‘‘element block,’’ which is a minimum functional unit containing heteroatoms.24–27

Based on this idea, various types of solid-state luminescence and stimulus-responsive

luminochromic behaviors were accomplished by o-carborane-modified, p-conjugated

molecules.28–37 Since the discovery of the solid-state excimer of the o-carborane deriv-

ative,38 we also found that the PAH-ethynyl-o-carborane structure is an element block

for expressing excimer emission in the solid state.39,40 By combination with PAHs,

unique luminescence properties were discovered. For example, acridine-modified

ethynyl-o-carboranes were synthesized, and solid-state excimer emission was

observed.39,40 In the crystal packing, dimer structures assisted by the hydrogen

bond between nitrogen in acridine and hydrogen in o-carborane were formed. It has

been suggested that the degree of p-p interaction between one of the acridines in

the dimer and the next acridine in another dimer could be responsible for the color

of the excimer emission. In particular, because of environmental sensitivity of the

p-p interaction, thermochromic luminescence properties of excimer emission were

also observed. As another example, from the crystal of pyrene-modified ethynyl-o-car-

borane, the switching behaviors of luminescence mechanisms between ICT and exci-

mer emissions were observed.41 Under ambient temperature, the typical ICT emission

was observed froma crystal powder, whereas excimer emission appearedby cooling at

77 K. As a result, clear thermochromic luminescence between orange and green was

obtained. Moreover, because pyrene-modified ethynyl-o-carborane slowly exhibits

aggregation in organic solvents, followed by aggregation-induced excimer emission,

detection of water content in organic solvents was accomplished.42 Because of these

results, we think that PAH-ethynyl-o-carborane is an element block for designing a

stimulus-responsive luminochromic material having solid-state excimer emission
2 Cell Reports Physical Science 3, 100758, February 16, 2022



ll
OPEN ACCESSArticle
properties. Especially, we presume that advanced environmental sensors could be

produced by applying high-sensitivity of excimer emissions to environmental changes.

Here we report a solid-state excimer emission and its environmental sensitivity from

anthracene- and pyrene-modified ethynyl-o-carboranes. Initially, we explain optical

properties of mono-substituted ethynyl-o-carborane with anthracene. Accordingly,

the luminochromic behavior caused by switching photochemical processes between

excimer emission and ICT one by external stimuli, such as physical forces and heat-

ing, was demonstrated. Next, the molecular design to realize stimulus-responsive

luminochromism originating from emission mechanism changes with much tender

stimuli is illustrated. The optical properties of bis-substituted o-carboranes

with anthracene43 and pyrene are described. Yellow and green luminescent

samples of the anthracene triad exhibiting almost the same X-ray diffraction patterns

are shown. A plausible model is proposed, showing that the degree of defect sites

might be responsible for the luminescence color. In particular, multi-step mechano-

chromic luminescence from pyrene-substituted ethynyl-o-carborane is demon-

strated by gently touching the crystalline sample and subsequently grinding them.

Using X-ray structure analyses, we discuss the mechanism of luminochromic

behavior concerning solid-state excimer emission and sensitive responsiveness by

focusing on the sparse packing induced by the ethynyl-o-carborane unit. In this

study, we show that the ethynyl-o-carborane unit also plays a role in stimulus-

responsive luminescent materials based on the luminescent mechanism shifts in

the solid state.

RESULTS AND DISCUSSION

Synthesis and characterization

The syntheses are illustrated in the Experimental procedures, and the characteriza-

tion data are shown in the supplemental information. Figure 1 shows the modified

ethynyl-o-carboranes used in this study. 1-Ethynyl-o-carborane was synthesized ac-

cording to the literature,39,40 and the Sonogashira-Hagihara cross-coupling reaction

with 9-iodoanthracene afforded 9-((1-o-carboranyl)ethynyl)anthracene (CBEA) (Fig-

ure S12). By using 9,10-diiodoanthracene as a starting material, the bis-substituted

compounds 9,10-bis((1-o-carboranyl)ethynyl)anthracene (dCBEA)43 and 1,6-bis((1-

o-carboranyl)ethynyl)pyrene (dCBEP) were prepared with ethynyl-anthracene and

-pyrene derivatives, respectively. The structures of the products were characterized

by NMR spectroscopy and high-resolution mass spectroscopy (Figures S1‒S9). All

carboranes show good solubility in organic solvents such as dichloromethane, chlo-

roform, and tetrahydrofuran and stability under ambient conditions and light

irradiation.

The single-substituted anthracene derivative CBEA

Figure 2A shows the UV-visible (UV-vis) absorption and photoluminescence (PL)

spectra of CBEA in tetrahydrofurane (THF) (1.0 3 10�5 M). In the UV-vis absorp-

tion spectrum, the vibrational structure was detected around 400 nm, assigned to

the p‒p* transition band of the anthracene moiety. In the PL spectrum, only LE emis-

sion with vibrational peaks around 450 nmwas observed. It is likely that ICT emission

was quenched by the vibrational motion at the C-C bond of the o-carborane moiety.

In contrast, as shown in the PL spectra in solids in Figure 2B, only ICT emission

around 590 nm was observed in the crystalline state. This property was similar to

that ofCBA in the solid state. The emission color was changed from orange to green,

with a wavelength shift up to 50 nm after grinding the crystal with a stainless steel

spoon, indicating that CBEA has mechanochromic luminescence properties

(Figure 2B).
Cell Reports Physical Science 3, 100758, February 16, 2022 3



Figure 2. Optical properties of CBEA

(A) UV-vis absorption and PL spectra in THF (1.0 3 10�5 M).

(B) PL spectra of the crystal, ground and annealed after grinding samples
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To investigate the origin of the emission peak around 540 nm generated by

grinding, the concentration-dependent PL spectra of CBEA were initially examined

in THF solution and H2O/THFmixtures (Figure S13). A new emission peak, which was

similar to that of the ground sample, appeared when the ratio of H2O/THF mixtures

was over 90%. Furthermore, the lifetime (13.7 ns) of an H2O/THF mixture of 99% was

almost the same as a new lifetime component of the ground crystal (12.5 ns) (Table

1). Thus, the emission band around 540 nm was strongly suggested to be excimer

emission.

We obtained single crystals of CBEA large enough for applying X-ray crystallog-

raphy. Therefore, to determine why the excimer emission was observed by intro-

ducing an ethynyl spacer between anthracene and o-carborane, we compared the

single-crystal structures of CBEA and CBA, which provides solid-state emission

from the ICT state (Figure 3).13,20 According to the structural data, there are several

significant points. First, p-p interactions between the adjacent anthracene planes

were compared.39,40 In the case of CBA, the anthracene plane was distorted, and

the distance between them was quite long (7.904 Å). It is likely that the bulky o-car-

borane contributes to isolate each molecule. On the other hand, the anthracene

planes of CBEA show high planarity, and the distance (3.414 Å) was much shorter

than that of CBA. This suggests that a rigid ethynyl spacer mitigates intra- and inter-

molecular interactions. Therefore, excimer formation can be occasionally detected

through the intermolecular interaction in the ethynyl-spacer-containing o-carbor-

anes.41,42 Next, we compared the unit cells of CBA and CBEA. We found that the

density and the packing ratio of CBEA are smaller than those of CBA (Table S1).

This indicates that introducing an ethynyl spacer leads to a less dense molecular

arrangement.

Zhang et al.44 studied anthracene-arrangement-dependent emissions of crystals of

9-anthrylpyrazole derivatives and provided new insights into the relation between

chromophore arrangement and emission behavior. This suggests that the emission

colors of crystals are strictly related to the intermolecular packing degree of the

anthracene moieties. If more than two-thirds of an anthracene ring participates in

the overlap, the emission color should be altered from blue to green. In the case

of CBEA, the overlapping area is about 38% (Figure S10). This value is obviously

small, meaning that a weak p-p interaction at the anthracene moieties would be

formed. From these data, we propose the emission mechanism of CBEA. In the crys-

tal state, ICT emission is favorable because of the ordered and less molecular

arrangement. After grinding, the crystal structure collapses, and the overlapping

area is magnified. Then strong p-p interaction could be favorable for excimer
4 Cell Reports Physical Science 3, 100758, February 16, 2022



Table 1. Optical properties of CBEA

condition lPL (nm) t (ns)a FPL
b

THF 442c 5.15 (100%) <0.01

Crystal 592d 35.0 (100%) 0.01

Ground 543d 12.5 (30%) <0.01

37.6 (70%)

H2O (99%) 545e 3.00 (21%) <0.01

13.7 (79%)
aWe calculated the decay curve with the excitation light at 375 nm, as shown in Figure S11.
bDetermined as an absolute value with an integration sphere.
cExcited at 390 nm.
dExcited at labs in THF (1 3 10�5M).
eExcited at 397 nm.
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emission. It is suggested that different mechanisms of ICT emission and excimer

emission could be switched by external stimuli when an ethynyl spacer is introduced

between anthracene and o-carborane.

When the ground crystal was annealed by heat or a solvent vapor, like CHCl3, the

emission color returned to orange (Figure 4A). These grinding and annealing pro-

cesses were repeated at least 5 times (Figure 4B). To examine the mechanism of

reversibility, we performed powder X-ray diffraction (PXRD) with CBEA (Figure S14).

The pattern of the crystal state exhibited sharp peaks, whereas the pattern was

hardly observed after grinding. Then the peaks appeared again after annealing

the ground crystal. These results indicate that the crystal state of CBEA became

the amorphous state after grinding and induced the change of the emission mech-

anism from ICT emission to excimer emission.

We carried out differential scanning calorimetry (DSC) analysis with CBEA (Fig-

ure S15). Significant peaks were not observed below 250�C, where pyrolysis occurs.

On the other hand, the ground crystal showed an exothermic peak at around 120�C.
An emission color change from green to orange can be observed at around this tem-

perature by heating the ground crystal, supporting the speculation that the phase

transition should proceed from amorphous to crystal.
The dual-substituted anthracene derivative dCBEA

From the solid-state emission from the excimer state and stimulus-responsive lumi-

nochromic behavior, we designed bis-o-carborane-substituted molecules for real-

izing sensitive behavior toward much tiny environmental changes. To evaluate the

validity of this idea, we synthesized the anthracene- and pyrene-substituted com-

pounds dCBEA and dCBEP, respectively (Figure 1). We prepared both compounds

using Sonogashira-Hagihara cross-coupling reactions. The products were character-

ized with NMR spectroscopy and mass measurements. According to the character-

ization data, the desired compounds were obtained.

Figure 5A shows the UV-vis absorption and PL spectra of dCBEA in THF (1.0 3 10�5

M). It is known that dCBEA is an AIE-active molecule.43 In our study, the p-p* tran-

sition band of the anthracene moiety in the absorption spectrum and LE emission in

the PL spectrum were observed, similarly to CBEA. Interestingly, when dCBEA

was crystallized from the same solvent (mixtures of CHCl3 and MeOH), two

different types of luminescent crystals exhibiting a green or yellow color were

afforded (G form and Y form). When dCBEA was crystallized rapidly at room temper-

ature, the major crystal color was green, and when crystallized slowly at �50�C, a
Cell Reports Physical Science 3, 100758, February 16, 2022 5



Figure 3. Single crystal X-ray data of anthracene-tethered o-carboranes

(A) Crystal packing of CBA.

(B) Crystal packing of CBEA.
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yellow-emitting crystal was easily obtained. Figure 5B shows the PL spectra of the

two crystals. The emission band of the G-form crystal has a vibrational structure.

Iida and Yamaguchi45 reported that intense LE emission from the anthracene moiety

in the solid state is inducible by introducing (pentafluorophenyl)dimethylsilyl groups

to a 9,10-diphenylanthracene skeleton as the p-stacking tethers. Furthermore, Fuji-

wara et al.46 reported that dual alkylene-strapped 9,10-diphenylanthracene deriva-

tives also exhibit intense LE emission in the solid state because of inhibition of the

anthracenemoiety from non-specific intermolecular interactions by the substituents.

The anthracene skeleton of dCBEA was also isolated from the interaction because of

steric hindrance of bulky ethynyl-o-carborane. Indeed, the lifetime component

and quantum yield in the G form (t = 0.64 ns, FPL = 0.04) were similar to those in

THF (t = 1.00 ns, FPL = 0.03) (Table S2). Therefore, emission of the G form is attribut-

able to LE emission. On the other hand, the emission of the Y form could be ICT

emission because of its long lifetime. In terms of ICT emission, CBEA showed

weak emission, and its quantum yield was 0.01, whereas the Y form of dCBEA

showed strong emission, and its quantum yield increased to 0.12. By gradually

growing the Y-form crystal, most o-carboranes should be regularly and tightly

aligned. Thus, intense ICT emission might be induced.

To address the relationship between the emission mechanism and the molecular

conformation, density functional theory (DFT) and time-dependent DFT (TD-DFT)

were performed (Figure S16). In the planar conformation (the dihedral angles are

0 and 180�), the highest occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) were centered on the anthracene unit. These results mean

that the p-p* transition of the anthracene moiety and, subsequently, LE emission

should proceed in the planar conformation. In contrast, in the twisted conformation

(the dihedral angles are 90� and 270�), the LUMO extended to the C-C bond in the o-

carborane unit, meaning that s*-p* transition from anthracene to o-carborane fol-

lowed by ICT emission should be possible. These data corresponded to those of se-

ries of PAH-o-carborane dyads in previous reports.16–18

To investigate the mechanism of different crystalline forms of the same substance,

we compared G-form and Y-form crystals of dCBEA using various methods. Predict-

ably, exactly the same 1H NMR spectra were obtained from the solution, meaning

that hardly any degradation and isomerization occurred (Figure S17). Furthermore,

the solvents for recrystallization (CHCl3 and MeOH) had no effect on their optical
6 Cell Reports Physical Science 3, 100758, February 16, 2022



Figure 4. Luminochromic behavior of CBEA

(A) Solid-state luminescent chromism toward various stimuli. Pictures were taken under UV

irradiation (365 nm).

(B) Reversibility in the grinding and annealing cycles.
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properties. Surprisingly, single-crystal structures or polycrystalline structures were

also identical (Figures S18 and S19; Tables S3 and S4). Therefore, the difference be-

tween their emission spectra should not be from crystal packing or polymorphism.

Scanning electron microscopy (SEM) measurements of the G form and Y form were

carried out (Figure S20). It was revealed that the crystals were different in terms of

crystal shape and size. The crystals of the G form were basically thick and large

with length of 5–20 mm, whereas those of the Y formwere thin and small with a length

of 1–5 mm. When single-crystal X-ray diffraction measurements were carried out, we

found that the single crystal of the Y form was more vulnerable than that of the G

form. Percino et al.47 reported similar optical and structural properties. They synthe-

sized two crystals of (2Z)-2-(4-bromophenyl)-3-[4-(dimethylamino)phenyl]prop-2-

enenitrile and found that their emission colors were different but their crystal

structures were identical. This means that crystal shape and size can significantly

affect their emission behavior. In our study, taking into account the almost identical

XRD patterns of the G form and Y form and the fact that mechanochromic lumines-

cent behavior was hardly observed in dCBEA, we suggest that many more defect

sites should be generated in the Y form through relatively rapid crystal formation.

The number of molecules that are out of regular crystalline packing should be

different, followed by a different luminescence color.

The dual-substituted pyrene derivative dCBEP

Finally, we evaluated the optical properties of dCBEP. Similar to the previous com-

pounds, in the UV-vis absorption spectrum in THF (1.03 10�5 M), the p-p* transition

band of the pyrene moiety was observed (Figure 6A). In addition, LE emission was

detected in the PL spectrum, indicating that o-carborane units have hardly any
Cell Reports Physical Science 3, 100758, February 16, 2022 7



Figure 5. Optical properties of dCBEA

(A) UV-vis absorption and PL spectra in THF (1.0 3 10�5 M).

(B) PL spectra of the crystals.
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influence on electronic properties in solution because of molecular rotation. Using

analyses with crystalline samples, it was demonstrated that dCBEP also afforded

two different types of luminescent crystals exhibiting orange and yellow colors (O

form and Y form) by different crystallization methods (Figure 6B). The O formwas ob-

tained by dissolution in toluene at 110�C and then slow cooling to�30�C. The Y form

was prepared by dissolution in a good solvent like THF and then evaporation. It is

assumed that the O form is a thermodynamically stable crystal and that the Y form

contains more cracking sites. The shapes of their spectra and their lifetime compo-

nents were almost identical (Table 2). This suggests that both of their emissions are

ICT emissions.

Surprisingly, it was revealed that the O form had an extremely rare two-step mecha-

nochromic property depending on different mechanical stimuli (Video S1).48–51

When the pristine crystal was gently tapped with a stainless steel spoon or pressed

with a flat plate, the emission color changed from orange to yellow. Furthermore,

when the tapped crystal was ground with a stainless steel spoon, the yellow emission

again changed to green (Figure 7). The optical properties of the tappedO-form crys-

tal were very similar to those of the Y-form crystal. In the case of dCBEP, cracking

sites might be able to be generated by weak stimuli. Therefore, sensitive mechano-

chromic luminescence could be obtained. A newmajor lifetime component (15.0 ns)

that was longer than the others was observed in the ground O-form crystal (Fig-

ure S23; Table 3). This suggests that the green emission can be attributed to excimer

emission. This green color changed back to yellow after annealing (heating at 120�C
or fuming with toluene vapor), but a further color change was not observed. On the

other hand, it was found that the Y-form crystal had similar optical properties, mean-

ing that the luminochromism reversibly proceeds between yellow and green by

grinding and annealing processes.

Figure S21 shows the PXRD patterns of the O-form pristine crystal, the tapped crys-

tal, the ground crystal, the annealed crystal, and the Y-form crystal. For the most

part, the peaks of the tapped O-form crystal and Y-form crystal are identical to

that of the O-form pristine crystal. These data show that the molecular distribution

and structures should be the same in the O-form and Y-form crystals. However,

some new peaks (2q = 15.6 and 25.9�) were observed compared with the peaks of

the O-form pristine crystal. These results indicate that the main molecular arrange-

ments might be retained by tapping but that a slight change would occur at some

parts. After grinding the O-form crystal, the sharp and intense peaks disappeared,

indicating that the conversion from the crystal state of the O-form to the amorphous

state should be induced after grinding. Wang et al.48 also reported a boron diketo-

nate crystal exhibiting two-step mechanochromic property by different mechanical
8 Cell Reports Physical Science 3, 100758, February 16, 2022



Figure 6. Optical properties of dCBEP

(A) UV-vis absorption and PL spectra in THF (1.0 3 10�5 M).

(B) PL spectra of the crystals.
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stimuli. The PXRD pattern of this compound after tapping the pristine crystal showed

some new diffraction peaks. They suggested that the new peaks were derived from

diffraction of the crack surfaces and that the shift of the emission peak originated

from molecular perturbations on the crack surfaces.

To evaluate the sizes of sample powders, SEM observations were performed (Fig-

ure S22). Corresponding to the results from dCBEA, larger aspect ratios were de-

tected from the crystals in the O form than those of the Y form, meaning that the

size of crystal particles could play a significant role in luminescence color. From

the ground sample with green luminescence, tiny crashed powders were observed.

From these results, we considered the mechanism of two-step mechanochromic

properties of dCBEP (Figure 8). After tapping with thermodynamically stable

O-form, crystal particles can be readily collapsed by tender forces because of the

sparse packing caused by dual o-carborane substituents. Consequently, a similar sit-

uation could be generated in the Y form, where intermolecular p-p interaction at the

pyrene moieties should be extremely weakened. Therefore, orange emission from

the ICT state is blue-shifted to yellow. After grinding the fragmental crystal, the

phase transition from the crystal state to amorphous proceeds, and the overlap of

pyrene moieties can be enhanced in the random distributions. As a result, a strong

p-p interaction, which leads to excimer emission, can be formed. Finally, the second

color change should be induced. Multiple ethynyl-o-carborane units play significant

roles in stimulus response as well as solid-state excimer emission.

Here we report functional luminescent materials using o-carborane. By introducing

an ethynyl spacer between the PAH moiety and o-carborane, different emission

mechanisms of ICT emission and excimer emission can be switched by external stim-

uli, such as mechanical stimuli, heat, and vapor annealing. In addition, two different

types of luminescent crystals can be observed by substituting ethynyl-o-carboranes

at both ends of PAHs. Surprisingly, it is revealed that they should be not a polymorph

but the same crystal structure from X-ray diffraction measurements. Furthermore, in

the case of dCBEP, the emission color changes are triggered by tiny mechanical

stimuli. It is proposed that making less stable molecular packings by using a steric

bulky structure of o-carborane and less dense molecular arrangements by intro-

ducing an ethynyl spacer might play an important role in these curious optical prop-

erties. o-Carborane compounds have attracted attention as an element block for

designing highly luminescent solid-state materials. In this study, it is demonstrated

that the ethynyl-o-carborane unit also plays a role in stimulus-responsive lumines-

cent materials based on the luminescent mechanism shifts in the solid state.
Cell Reports Physical Science 3, 100758, February 16, 2022 9



Table 2. Optical properties of dCBEP in various states

Condition lPL (nm) t (ns)a F PL
b

THF 426c 2.65 <0.01

O form 575d 2.27 (77%) 0.02

4.13 (23%)

Y form 561d 2.07 (76%) 0.03

3.81 (24%)
aWe calculated the decay curve with the excitation light at 375 nm, as shown in Figure S11.
bDetermined as an absolute value.
cExcited at 373 nm.
dExcited at 400 nm.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Kazuo Tanaka (tanaka@poly.synchem.kyoto-u.ac.jp).

Materials availability

All materials generated in this study are available from the lead contact.

Data and code availability

The crystallographic information files (CIFs) generated by refinement of all structures

in this study, including the original structure factors, have beendeposited in theCam-

bridge Structural Database and can be accessed with deposition numbers CSD:

2112923, 2112924, and 2112925 for CBEA, the G form of dCBEA, and the Y form

of dCBEA, respectively. All other data are available from the authors upon request.

General
1H, 13C, and 11B NMR spectra were recorded on a JEOL JNM-EX400 instrument at

400, 100, and 128 MHz, respectively. The 1H and 13C chemical shift values were ex-

pressed relative to Me4Si as an internal standard. The 11B chemical shift values were

expressed relative to BF3∙Et2O as an external standard (sealed capillary in the case

of dCBEP). A high-resolution mass spectrum (HRMS) was obtained on a Thermo

Fisher Scientific Exactive spectrometer for atmospheric pressure chemical ionization

(APCI). The samples were dissolved in appropriate organic solvents and injected into

the instrument. Analytical thin-layer chromatography (TLC) was performed with silica

gel 60 Merck F254 plates. Column chromatography was performed with Wakogel

C-300 silica gel. UV-vis absorption spectra were obtained on a Shimadzu UV3600

spectrophotometer. PL spectra were obtained on a Horiba FluoroMax-4 lumines-

cence spectrometer. Fluorescence quantum yield (QY) was recorded on a Hama-

matsu Quantaurus-QY Plus C13534-01 model. PXRD patterns were taken by CuKa

radiation with Rigaku Miniflex. In case of CBEA, X-ray crystallography analyses

were carried out by a Rigaku R-AXIS RAPID-F graphite-monochromated MoKa radi-

ation diffractometer with an imaging plate and a Rigaku XtaLAB PRO graphite-

monochromated CuKa radiation diffractometer with an imaging plate in the case

of dCBEA. DSC thermograms were obtained on an SII DSC 6220 instrument at a

heating rate of 10�C/min. SEM was recorded on a JEOL JSM-5600 instrument.

Materials

All synthetic procedures were performed under an Ar atmosphere. THF and triethyl-

amine were purchased and purified by passage through a purification column under

Ar pressure. CuI, Pd2(dba)3, and tri(2-furyl)phosphine (TFP) were obtained
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Figure 7. Luminochromic behavior

of dCBEP

(A) Solid-state luminescent

chromism toward various stimuli.

(B) Pictures were taken under UV

irradiation (365 nm).
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commercially and used without purification. 1-Ethynyl-o-carborane, 9-iodoanthra-

cene, 9,10-diiodoanthracene, and 1,6-diiodopyrene were synthesized and charac-

terized according to the literature.52–55

Synthesis of CBEA

A mixture of 1-ethynyl-o-carborane (0.1699 g, 1.01 mmol), 1-iodoanthracene

(0.3648 g, 1.20 mmol), CuI (0.0381 g, 0.198 mmol), Pd2(dba)3 (0.0236 g,

0.026 mmol), and TFP (0.0360 g, 0.155 mmol) was dissolved in 5 mL of THF and

5 mL of triethylamine under an Ar atmosphere. The mixture was stirred at 50�C for

18 h and washed with NH4Cl and brine, and the organic layer was dried over

MgSO4. After MgSO4 was removed, the solvent was evaporated. The residue was

purified by column chromatography on silica gel (hexane/THF, v/v = 7:1). After evap-

oration of the solvent, recrystallization from CHCl3/MeOH afforded compound

CBEA as a yellow solid (0.2100 g, 0.610 mmol, 61%). 1H NMR (400 MHz, CDCl3; Fig-

ure S1): 8.50 ppm (1H, s, Ar-H), 8.27 ppm (2H, d, J = 8.80 Hz, Ar-H), 8.02 ppm (2H,

d, J = 8.52 Hz, Ar-H), 7.62 ppm (2H, ddd, J = 7.68, 7.68, 1.24 Hz, Ar-H), 7.53 ppm

(2H, ddd, J = 7.56, 7.56, 0.96 Hz, Ar-H), 4.15 ppm (1H, s, carborane_C-H), and

3.50–1.53 ppm (10H, br, B-H). 13C NMR (100 MHz, CDCl3, Figure S2): d 133.7

ppm, 130.9 ppm, 130.0 ppm, 129.0 ppm, 127.7 ppm, 126.0 ppm, 125.7 ppm,

113.1 ppm, 93.9 ppm, and 63.4 ppm. 11B NMR (128 MHz, CDCl3 Figure S3): d:

�1.4 ppm, �2.6 ppm, �4.3 ppm, �8.3 ppm, �9.5 ppm, �10.5 ppm, and �12.2

ppm, �13.6. HRMS (APCI): calculated for C18H20B10 [M + Cl]– m/z 381.2190, found

m/z 381.2197.

Synthesis of dCBEA

A mixture of 9,10-diiodoanthracene (0.2170 g, 0.504 mmol), CuI (0.0773 g,

0.406 mmol), Pd2(dba)3 (0.0467 g, 0.0510 mmol), and TFP (0.0584 g, 0.252 mmol)

was dissolved in 20 mL of THF and 10 mL of triethylamine under an Ar atmosphere.
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Table 3. Optical properties of the O-form crystal and after various treatments

condition lPL (nm)a Color coordination (x, y)b t (ns)c FPL
d

Pristine 575 (0.48, 0.52) 2.27 (77%) 0.02

4.13 (23%)

Smashed 560 (0.37, 0.62) 2.16 (71%) 0.03

3.83 (29%)

Ground 543 (0.25, 0.74) 4.41 (34%) 0.07

15.0 (66%)

Heated 557 (0.35, 0.65) 1.73 (65%) 0.03

3.36 (35%)

Fumed 560 (0.37, 0.62) 2.08 (69%) 0.03

3.68 (31%)
aExcited at 400 nm.
bEstimated from the CIE diagram according to lPL.
cWe calculated the decay curve with the excitation light at 375, nm as shown in Figure S11.
dDetermined as an absolute value.
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1-Ethynylo-carborane (0.1688 g, 1.00 mmol) was added, and the mixture was stirred

at room temperature for 20 h in the dark. The reaction mixture was washed with

NH4Cl, and the organic layer was dried over MgSO4. After MgSO4 was removed,

the solvent was evaporated. The residue was purified by column chromatography

on silica gel (hexane/THF, v/v = 7:1). After evaporation of the solvent, recrystalliza-

tion from CHCl3/MeOH afforded compound dCBEA as a yellow solid (0.1665 g,

0.326 mmol, 65%). 1H NMR (400 MHz, CDCl3, Figure S4): d 8.30 ppm (4H, dd, Ar-

H), 7.68 ppm (4H, dd, Ar-H), 4.14 ppm (2H, s, carborane_C-H), and 3.70‒1.60

ppm (20H, br, B-H). 13C NMR (100 MHz, CDCl3, Figure S5): d 132.7 ppm, 128.1

ppm, 126.4 ppm, 116.5 ppm, 95.9 ppm, 77.2 ppm, 75.6 ppm, and 63.1 ppm. 11B

NMR (128 MHz, CDCl3, Figure S6): d �1.3 ppm, �2.5 ppm, �8.1 ppm, �9.3 ppm,

�10.5 ppm, and �13.3 ppm. HRMS (APCI): Calculated for C22H30B20 [M + Cl]– m/z

549.3951, found m/z 549.3946.
Synthesis of dCBEP

Amixture of 1,6-diiodopyrene (0.0543 g, 0.119 mmol), CuI (0.0185 g, 0.0971 mmol),

Pd2(dba)3 (0.0114 g, 0.0124 mmol), and TFP (0.0139 g, 0.0599 mmol) was dissolved
Figure 8. Plausible luminescence

model

Shown is a plausible model of

multi-step mechanochromic

luminescence, including the

switching process from ICT to

excimer emission.
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in 5 mL of THF and 4 mL of triethylamine under an Ar atmosphere. 1-Ethynylo-car-

borane (0.0405 g, 0.241 mmol) was added, and the mixture was stirred at 60�C for

1 day. The reaction mixture was washed with NH4Cl, and the organic layer was dried

over MgSO4. After MgSO4 was removed, the solvent was evaporated. The residue

was purified by column chromatography on silica gel (hexane/THF, v/v = 4:1). After

evaporation of the solvent, recrystallization from toluene afforded compound

dCBEP as an orange solid (0.0239 g, 0.0447 mmol, 37%). 1H NMR (400 MHz,

C4D8O, Figure S7): d 8.45 ppm (2H, d, J = 9.04 Hz, Ar-H), 8.31 ppm (2H, d, J =

8.08 Hz, Ar-H), 8.29 ppm (2H, d, J = 9.04 Hz, Ar-H), 8.21 ppm (2H, d, J = 8.08 Hz,

Ar-H), 5.24 ppm (2H, s, carborane_C-H), and 3.34–1.78 ppm (20H, br, B-H). 13C

NMR (100 MHz, C4D8O, Figure S8): d 133.6 ppm, 133.0 ppm, 131.6 ppm,

129.8 ppm, 126.7 ppm, 126.6 ppm, 124.3 ppm, 115.9 ppm, 89.8 ppm, 78.5 ppm,

65.2 ppm, and 62.6 ppm. 11B NMR (128 MHz, C4D8O, Figure S9): d �1.8 ppm,

�2.9 ppm, �8.3 ppm, �9.5 ppm, and�10.4 ppm. HRMS (APCI): calculated for

C24H30B20 [M + Cl]– m/z 573.3946, found m/z 573.3947

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100758.
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