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Abstract

We herein demonstrate not only design of combination of luminescent processes in dual-emission

properties by selecting preparation protocols but also temperature-driven switching of luminescent

processes in dual-emission properties based on the bis-o-carborane-substituted anthracene triad in

crystal. We synthesized the triad and obtained crystal polymorphs with or without solvent molecules

by changing the type of solvent in recrystallization. From the optical measurements, it was shown

that dual emission properties are composed of different photophysical mechanisms. That is, In the

absence of the solvent molecules the crystal exhibits dual emission of charge transfer (CT) and

excimer, while in the presence of them the crystal exhibits that of locally-excited (LE) and CT

emission. Furthermore, intensity ratios between them were sensitive to temperature changes. These

luminochromic behaviors are suitable for the application to ratiometric sensing systems.



Introduction

The dual emission system, in which two emission bands are simultaneously observed in the spectra,

is a versatile optical behavior.! For example, to obtain white luminescence, dual emission is

necessary with appropriate color balance.”? Generally, by loading several dyes having different

luminescent color onto matrices, desired luminescent color is generated. As another instance, if

intensity ratios among emission components are varied by environmental changes, precise detection

for the changes can be realized through ratiometric analyses.’ By comparing emission intensities at

various wavelength positions, we can exclude influence from the heterogeneity of local

concentration of luminophores on the signals. This function is of importance especially for realizing

quantitative analyses.* Therefore, it can be said that design and synthesis of dual emission systems

should be of significance for developing advanced luminescent materials and sensors.

In the solution system, several approaches have been established for obtaining dual emission. By

suppressing transition in the excited state between locally-excited (LE) and charge-transfer (CT)

states, dual emission has been often achieved.’ Owing to high environmental sensitivity of excited

molecules, dual-emissive materials can be utilized as a key component for optical chemical sensors.®

The dual emission consisting of LE and excimer emission has been also accomplished.” Drastic

color changes can be obtained because of intrinsic intense emission from excimer. Additionally, by



connecting different types of molecules and suppressing energy transfer efficiency, dual emission

can be produced.® Clear color changes according to the preprogrammed design are often observed. In

particular, for naked eyes, dual emission is advantageous for enhancing visibility because of

apparent drastic color changes.” Even if environmental factors are slight, drastic emission color

changes can be observed.!” Thus, dual emission properties are suitable for designing luminescent

sensors. However, there are still difficulties in the design of dual emission systems in the solid state.

Most of luminescent properties are generally spoiled by non-specific intermolecular interactions in

the condensed state. Moreover, due to structural restriction, it is challenging to design

luminochromic behaviors based on dual emission properties. Although several unique materials have

been recently discovered, robust design strategies are still explored for observing dual emission in

solid.

o-Carborane (1,2-dicarba-closo-dodecarborane) is an icosahedral cluster composed of ten boron,

two carbon and hydrogen atoms on each vertex. The bulky and sphere structure of o-carborane is

often useful for avoiding concentration quenching, followed by inducing intense solid-state

emission.!""'* Various solid-state luminochromic behaviors were observed from aryl-substituted

o-caboranes such as anthracene,”” pyrene!® and 1,4-bis(phenylethynyl)benzene.!” Moreover,

o-carborane derivatives with dual emission properties have been discovered. Therefore, we have also



paid tremendous attention to aryl-modified o-carboranes as a platform for obtaining functional

solid-state luminescent materials. From the first report on aggregation-induced emission of

o-carborane-containing polymers,'? the series of stimuli-responsive luminescent materials have been

developed.!® More recently, environmental sensing has been accomplished by the combination with

luminochromic properties as well as intensity changing ability.?’ Thus, we regard o-carborane as a

solid-state luminescent chromism-inducible “element block,” which is the minimum functional

building block including hetero atoms.?!24

According to the mechanistic studies on

environment-sensitive luminescent properties, it was revealed that molecular rotation in the

o-carborane unit in the condensed state is allowed, and various luminescent color can be expressed

by regulating the angle between the direction of the C—C bond in o-carborane and n-plane.?>2¢ In the

planar and vertical conformation between them, LE and CT emission can be respectively induced

even in the solid state. On the basis of these structure-relating optical properties, stimuli-responsive

luminochromic behaviors have been observed from the solid materials by regulating degree of

molecular rotation.?’” Additionally, solid-state excimer emission from ethynylacridine-modified

o-caborane was recently reported.?® Weakly-acidic hydrogen on the unsubstituted carbon atom in

o-carborane plays an important role in the formation of dimer in the crystalline state, followed by

excimer.?’ It should be noted that these materials showed clear thermochromic behaviors originating

from mechanism switch from excimer to CT emission.’® Moreover, by introducing the



bis-o-carborane substituents, highly-sensitive luminochromic behaviors were observed.’!3?

Bis-o-carborane-substituted pyrene triad showed clear luminochromic behaviors just by touching the

crystalline powder.>? Because of steric hindrances of o-carboranes, defect sites in crystalline packing

could be readily induced by weak stimuli. As a result, CT emission was converted to excimer

emission, followed by luminochromism, triggered by such tiny external stimuli. Thus, we presumed

that introduction of multiple o-carborane substituents could be a promising strategy for obtaining

diverse solid-state luminochromic behaviors as well as highly-sensitive stimuli-responsiveness.

Herein, synthesis and optical properties of bis-o-carborane-modified anthracene triad 1 are reported

(Figure 1). We were able to obtain crystal polymorphs with or without solvent molecules by

changing the solvent type in recrystallization and found that each polymorph provides characteristic

solid-state dual emission behaviors. In the absence of solvent molecules, dual emission consisting of

CT and excimer emission was detected, while dual emission composed of LE and CT emission was

observed in the presence of solvent molecules. Remarkably, both crystals showed thermochromic

luminescence based on intensity ratio changes between dual emission bands. These behaviors are

advantageous for precisely estimating temperature through ratiometric analyses with dual emission

properties of 1. This is the first example, to the best of our knowledge, to offer temperature-driven

switching of luminescent processes in dual-emission properties in crystal as well as design of



combination of luminescent processes in dual-emission properties by selecting preparation protocols.

Figure 1



Results and Discussion

Molecular design and synthesis

As mentioned in the introduction, the modified aromatics having multiple o-carborane substituents

is a promising platform for realizing stimuli-responsive dual emission in the solid state. So far, dual

emission with thermochromic properties was achieved by controlling LE and CT emissions of

aryl-modified o-carborane dyads by regulating the angle between the m-plane of the aryl moiety and

the C—C bond in the o-carborane unit.3* Furthermore, by modulating energy barrier of molecular

rotation, thermochromic luminescence was accomplished.** On the other hand, regulation of the dual

emission behavior concerning excimer is still challenging. On the basis of solid-state dual-emission

properties of o-carboranes consisting of LE and CT emission, we sought to additionally combine

excimer emission as another luminescent species. Excimer emission has relatively longer lifetime

than fluorescence and appears as a distinct emission band at the medium position between LE and

CT emission bands. To achieve dual emission involving excimer emission, we designed the

bis-o-carborane-substituted anthracene triad 1. Anthracene is known as a typical aromatic ring with

luminescent properties and has been employed as an aryl moiety for constructing o-carborane dyads

because of its efficient absorption and emission properties.>> Similarly to the previous solid-state

aryl-modified o-carborane dyads presenting LE and CT emission because of steric hindrances and

spatial repulsion of the sphere cluster structure, o-carboranes are directly connected to the aryl



moiety.!62%3%37 In the previous works, we introduced o-carborane units only to the center benzene

ring of the three rings in anthracene such as 9- or 10-positions. This strategy induced the

dual-emission properties between LE and CT emission, while it resulted in absence of the m—n

interaction of the anthracene moieties attributed to the curved structure of the anthracene rings like

butterfly and the large steric hindrance of the carborane units.'>'>2° In particular, by placing

o-carboranes at the both sides of the anthracene’s three benzene rings such as 1 and 8 positions to

reduce the distortion of the anthracene units, we presumed that intermolecular interaction between

anthracenes, which is essential for forming excimer, might be capable (Figure 1). As a result,

solid-state excimer emission can be obtained in the solid state with LE or CT emission. To validate

this idea, we introduced o-carborane units to 1,8-positions of anthracene.

The triad 1 was synthesized by the alkyne insertion reaction with decaborane and

1,8-diethynylanthracence (Scheme S1).3® The product was obtained by silica-gel column

chromatography followed by recrystallization. The chemical structure of the product was

unambiguously characterized by 'H, "B and '*C{'H} NMR spectroscopy, high-resolution mass

spectroscopy, single-crystal X-ray and elemental analyses (Charts S1-S3).

Polymorphism

By changing the type of solvents for recrystallization, we were able to obtain polymorphs with



different optical properties as well as crystal packing. When 1 was recrystallized from CCls, the

yellow crystal (1a) was obtained, while from toluene, CHCIz and cyclohexane, the light-yellow

crystals (1b—1d) was obtained, respectively (Figure S1). From 'H NMR spectroscopy and

thermogravimetric analyses, 1a has no solvent molecules, whereas 1b—1d included 0.5 equivalent of

solvent molecules during recrystallization (Charts S4-S7, Figure S2 and Tables S1 and S2). From

the powder X-ray diffraction (PXRD) data, two crystals had diffraction peaks at different positions

(Figure S3). Based on these results, we concluded that 1 has crystal pseudo-polymorphs depending

on the recrystallization solvents. Additionally, we found that transition from 1b—1d to 1a can be

proceeded by heating. When 1b—1d were heated at 200 °C for 5 min, the transformation to 1a with

the clear color change from light yellow to yellow occurred. In the profile of differential scanning

calorimetry with 1b, the endothermic peak was observed at 156 °C, corresponded to the desorption

of included solvents (Figure S5). Similar profiles were obtained from 1c¢ and 1d. PXRD patterns of

the heated 1b—1d were identical to 1a (Figure S3). 'H NMR spectra of those samples also indicated

that no solvent molecules should be included in each crystal after heating (Charts S8-S11).

Furthermore, transformations from l1a to 1b-1d were investigated (Figure S4). When la was

exposed to the solvent vapors such as toluene, CHCI3 and cyclohexane, PXRD patterns and color

didn’t changed. In contrast, when 1a was immersed to toluene, clear color changes from yellow to

light yellow were detected. PXRD pattern was almost same as 1b. Therefore, it was revealed that the
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immersing to toluene is one of the solvent including strategies to 1a other than recrystallization.

These results suggest that the crystal polymorphism of 1, followed by optical properties, can be

controlled by choosing recrystallization solvents and heating.

To obtain insight on the crystal packings, single-crystal X-ray structures were analyzed. From 1b,

the suitable sample for the analysis was fortunately obtained through slow evaporation from toluene

(Figure 2 and Table S4 and S5). 1b included 0.5 equivalent of toluene as mentioned above, although

the disordered solvent molecules were removed during the analysis by the SQUEEZE method.?

According to the result, it was found that 1b has the monoclinic P2i/c space group, and

intermolecular -7 interaction between anthracene rings was not observed. It is because the twisted

anthracene rings (¢ci-cs-cs-cs = 22.0(1)°) should disturb interaction. We assumed that the twisted

anthracene ring in 1b might be formed by bulky o-carborane units and this distorted conformation

could be stabilized by included solvents. The X-ray analysis of 1a was performed, but the R value

was too large to discuss detailed structural properties (Figure S6 and Table S3). Since the crystal

packing was able to be decided only from 1b and similar optical properties were obtained from 1b—

1d (Figure S8 and S12 and Table S14), we mainly discuss differences in optical properties between

1a and 1b.

Photophysical Properties
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Photophysical properties of 1 were investigated. Initially, to evaluate the electronic structure of 1,

optical measurements were performed with the diluted solution (Figure 3 and Table 1). Absorption

spectra of 1 had vibrational structures attributed to the n—n* transition at the anthracene moiety

(Figure 3a). Comparing to anthracene, the slight red shift of the absorption band from the modified

anthracene can be explained by the electron-withdrawing effect of o-carborane.*’ Because of

electron-deficiency of the o-carborane substituents, significant electronic communication should be

formed, followed by stabilization of energy levels. Consequently, the bathochromic peak shift should

proceed. The data from TD-DFT calculations revealed that electronic conjugation is expanding to the

o-carborane unit, supporting this speculation (Figure S7 and Tables S6—S13). To estimate electronic

structure of 1 in the excited state, photoluminescence (PL) properties were examined. Accordingly,

obvious two emission bands were detected (Figure 3a). Since the bathochromic shift was observed

only from the emission band in the longer wavelength region in polar solvents, we concluded that

the emission band with vibrational structure in shorter wavelength region and the broad band in the

longer one should be attributable to the emission originating from the transition from the

locally-excited (LE) state at the anthracene moiety and from the intramolecular charge transfer (CT)

state involving a whole molecule, respectively (Figures S13—S15 and Table S15).

Next, solid-state optical properties of 1 were investigated (Figure 3b and Table 1). The obtained

data of 1¢ and 1d were almost the same as those of 1b (Figure S8 and S12 and Table S14). Thus, we
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discuss solid-state optical properties of 1 with the data of 1b. Diffusion reflectance spectra revealed

that the offset wavelength of 1a was about 50 nm longer than those of 1b (Figure 3b). This result

suggests that m—m overlapping of the anthracene rings should exist in the crystalline structure of 1a.

In the PL spectra, 1a showed the far broader emission band, whereas 1b exhibited similar unimodal

emission bands with the peaks around 608 nm (Figure 3b). Not only crystal packing but also

molecular conformation should be greatly influenced by included solvents. To gain deep insight on

the emission mechanism, we performed PL lifetime measurements (Figures S10 and S11 and Table

S14). 1a had relatively longer lifetime component (53 ns) and shorter component (10 ns), while 1b

mainly had relative shorter components (11 ns) (Table 1). Furthermore, when 1 was dispersed in

polystyrene with a concentration of 1 wt%, the emission band with the shorter lifetime was observed

in almost the same wavelength region to the crystalline sample (Figures S16 and S17 and Table S16).

Since each molecule should be isolated in the polystyrene matrix, the emission band in the longer

wavelength region with the shorter lifetime is attributable to CT emission.

It should be noted that spectrum shape alteration was observed from the crystalline sample of 1a

by delaying detection time. The emission spectrum of 1a converged into a unimodal band in the

shorter wavelength region after 30 ns, meanwhile a significant shape change was hardly observed

from the spectrum of 1b even after 50 ns (Figure S18). This fact implies that the different emission

species from CT emission might be generated in the crystalline sample of 1a. As mentioned above, 1
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showed only CT emission in the polystyrene matrix, where intermolecular interaction would be

negligible, and basically, the longer lifetime than those from conventional fluorescence was observed

from 1a. From these data, we concluded that the converged emission band should be attributable to

excimer emission from the anthracene moieties. In summary, 1 can exhibit three types of emission

bands: LE, CT and excimer emission, and the latter two processes are dominant in solid. In particular,

intensity ratios of CT and excimer emission are critically dependent on environmental factors, such

as distribution in crystal packing and the vicinity of solvent molecules and can be varied by

employing polymorphs. In addition, in the absence of solvent molecules, dual emission and the

time-course change in emission ratios between CT and excimer emission were observed. In the

presence of solvent molecules, only CT emission was observed.

Thermochromic Luminescence

Finally, we examined stimuli-responsivity of dual emission of 1 in the crystalline state.

Characteristic thermochromic luminescence behaviors were observed from the crystalline samples of

1 in the wide temperature range between 80 K and 440 K (Figures 4, S19-S21). Below 200 K, 1a

showed the broad and unimodal emission band, while in the case of 1b, additional emission band

with vibrational structures in the shorter wavelength regions was also detected. This emission band

is attributable to LE emission. It is like that the planar conformation of the C—C bonds in o-carborane
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units and & plane, which is suitable for providing LE emission, should be maintained by suppressing

molecular rotation at the o-carborane unit in the low temperature region. Different behaviors were

also obtained over 200 K. 1a continuously exhibited the unimodal broad emission band with the

peak around 570 nm (Figure 4a). Subsequently, by heating, this emission band hypsochromically

shifted, and as we expected, dual emission involving the new band around 640 nm was observed.

Taking into consideration of the peak positions of these emission bands, the former and latter

emission could be assigned as excimer and CT emission, respectively. In contrast, the broad

emission band in the longer wavelength region exhibited bathochromic shift in 1b (Figure 4b).

Judging from the peak position, this emission band is attributable to CT emission. We previously

reported the same results of emission band shifts upon heating.''?® From excimer emission,

hypsochromic shifts were observed, and it was suggested that intermolecular interaction through n—n

stacking should be weakened by the gradual expansion of crystal lattice. In contrast, bathochromic

shifts were detected from CT emission and it was proposed that larger structural relaxation could be

allowed in weakened crystal packing where thermal motions at the substituents vigorously occur.

Owing to such opposite tendency in the peak shift between excimer and CT emission by heating,

sensitive thermochromic responsibility was achieved. In the case of 1a, as temperature increased,

excimer/CT intensity ratio increased. It is probably because gradual expansion of the distance of —n

stacking lead to more favorable conformation for CT emission than for excimer emission. In the case
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of 1b, intensity of LE emission was lowered by heating, and bathochromic shift of the CT emission

band was simultaneously observed. It is reasonable that molecular rotations should be enhanced,

followed by enhancement of CT emission. When thermochromic luminescence of 1a was monitored

by cooling from 440 K to 80 K, followed by heating from 80 K to 440 K, almost same spectra were

obtained (Figure S21). Therefore, the reversibility of this thermochromic luminescence was

confirmed. After heating 1b at 440 K, we cooled the crystalline sample to 80 K and monitored

luminescent properties by 2nd heating. Accordingly, the same behavior to 1a was obtained (Figures

S19 and S20). Because of desorption of solvent molecules by heating, 1a was generated without

significant pyrolysis and switching of the dual emission property consisting of LE and CT emission

of 1b to that of excimer and CT emission of 1a can be realized.
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Conclusion

Solid-state thermochromic luminescence of bis-o-carborane-modified anthracene triad 1 is reported.
In the several previous reports on aryl-modified o-carboranes, dual emission consisting of LE and
CT emission was already observed. By incorporating dual o-carborane substituents, solid-state
excimer emission can be introduced as the third emission species. It should be emphasized that dual
emission properties consisting of excimer and CT emission or LE and CT emission can be selected
by choosing the preparation protocol, that is, the type of solvent for recrystallization. Moreover,
characteristic thermochromic luminescent behaviors were obtained originating from intensity ratio
changes between each emission species. Our findings might be applicable not only to establish
precise temperature measurement technologies based on ratiometric analyses but also to design
advanced luminochromic materials having high environmental sensitivity. Further investigations on
fundamental optical properties of structural variations and solid-state stimuli responsiveness are now

in progress in our laboratory.
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Figure and Tables
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Figure 1. Chemical structure of 1 and schematic illustration for the preparation of crystal

polymorphs and their dual-emission properties.
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Figure 2. Crystal Structure of 1b. a) Top and b) side views of molecular structure. c¢) Packing

structure.
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Figure 3. a) UV-Vis absorption (top) and PL spectra (bottom) of 1 in various solvents (1.0x107> M).

b) diffusion reflectance (top) and PL (bottom) spectra of 1a and 1b.
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Figure 4. VT-PL spectra of a) 1a and b) 1b by heating from 80 K to 440 K.
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Table 1. Photophysical properties of 1

Sample APLmax / M v/ ns*t D
435¢ n.d.®

1(CHClI») 0.33°¢
622¢ 9.0

la 5534 53 (89%), 16 (11%) 0.23¢

1b 6087 11 0.69¢

“Excited at 369 nm.

’Detected at Apr max.
“Excited at 383 nm.

9Excited at 382 nm.

‘n.d. = not determined due to weak photoluminescence
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