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Abstract

In the previous study, we synthesized the series of bis-o-carborane-modified acenes
and revealed various unique luminescent behaviors such as highly-efficient solid-state
emission and luminochromism. In this manuscript, we report further enhancements of the
bis-o-carborane-modified acenes to luminescent efficiencies by thermally-induced
structural rearrangement from ortho- to meta-carborane. We found the thermal
rearrangements of the anthracene derivative 1 can occur near the melting points and
obtained the luminescent products. From the detailed investigation with the product from
1, transformation of the molecular structure was proved by X-ray crystallography. In
addition, it was indicated that rearrangement occurred at only one of two o-carborane
units by heating at 300 °C. According to theoretical investigations with 1 for transition
states with quantum calculation, it was proposed that thermal rearrangement could
proceed because of low activation energy in the first rearrangement step by the connection
with anthracene. From optical measurements, enhancements of not only luminescent
efficiencies but also aggregation-induced emission enhancement were observed.
Furthermore, it was demonstrated that this strategy for enhancing emission properties was

applicable with the tetracene molecule to obtain the deep-red luminescent dye.



Introduction

To obtain functional organic materials, one of promising strategies is to utilize an
“element-block”, which is defined as a minimum functional unit composed of
heteroatoms.™ For example, by connecting luminescent boron “element-blocks” with an
environment-sensitive unit, various types of stimuli-responsive materials were readily
constructed according to preprogrammed designs. Based on this strategy, o-carborane is
recognized as a versatile “element-block” especially for designing solid-state luminescent
materials with chromic properties.>* Carborane (C2B1oH12) is an icosahedral cluster
compounds consisting of 10 boron atoms and 2 carbon atoms."1% Based on their unique
features such as the rich boron content and high thermal and chemical stability, the
applications of carboranes for use in the fields of medicinal chemistry and material

science have been extensively studied.l>*"!

More recently, o-carborane has attracted attention as a key unit for optically-functional
materials.[*' 381 o-Carborane is known to work as an electron-acceptor because of nature
of electron-deficient three-center-two-electron bonds when bonded with the electron-
donor at the carbon,®%4% and bright emission from the induced charge transfer (ICT) state
can be obtained by combination with electron-donating units.[*! It should be mentioned
that bright emission from this ICT state was often observed even in the solid state by
suppressing  aggregation-caused quenching (ACQ).[*27%1  Moreover, emission
enhancements by solidification were detected.[*>%8] Additionally, it was found that some
of solid-state emissive o-carborane derivatives showed luminescent chromic behaviors
toward external stimuli such as heating, vapor fuming, and scratching®’! From the series

of mechanical studies, it has been proposed that intramolecular vibration at the C—C bond



in the o-carborane unit and rotation at the connecting bond should be responsible for
presenting emission enhancements in the condensed state and luminescent chromism,

respectively.

Herein, we synthesized the bis-o-carborane-modified acenes 8491 and observed
enhancements of luminescent properties by thermally-induced unique structural
transformation from o- to m-carborane, which is a structural isomer of o-carborane and
possesses two carbon atoms on the 1,7-position. Initially, by heating the anthracene
derivative 1 up to 300 °C, the irreversible luminescent color change was detected, and the
luminescent product was successfully isolated. It was revealed from the X-ray single
crystal analysis that one of two o-carborane units rearranged to m-carborane 2 (Scheme
1). According to theoretical investigation, it was suggested that transformation could
proceed owing to lowering effect of the anthracene moiety on the energy barrier in the
transition. Furthermore, it was demonstrated that the isomerization can improve emission
efficiencies both in solution and solid states. Finally, we also observed that this strategy
was applicable in the deep-red luminescent molecule composed of tetracene instead of
anthracene. So far, m-carboranes were often simply used as an electron-accepting unit in
ACQ-presenting commodity luminescent dyes. In this study, it is demonstrated that the

thermal rearrangement to m-carborane can be a facile strategy for enhancing luminescent

property.

Scheme 1



Results and Discussion

It was reported that some m-carborane derivatives were generated via thermal
rearrangements of o-carborane.[>%°-%%1 By heating above 425 °C, o-carborane transformed
to more stable m-carborane irreversibly. Since the discovery of o-carborane and its
thermal rearrangement to m-carborane, many researchers have studied its mechanism
experimentally and theoretically.>5°5% Recently, computational analyses were
performed by M. L. Mckee and co-workers.[®@ Accordingly, it was proposed that the
rearrangement proceeds via a triangular-face rotation (TFR) process (Scheme 1). Highly-
thermal stability of the carborane boron—aryl carbon bond was suggested in the gas-phase
rearrangement of 3-aryl-o-carborane at 550—600 °C to 2- and 4-aryl-m-carboranes under
vacuum.5 In  C,C'-bis-substituted o-carboranes having bulky groups, cage
rearrangement occurred at lower temperature. Bond cleavages could be assisted by steric
repulsion between the substituents. For example, 1,2-(RPh2Si)2C2B10H10 (R = Me, Cl)
and 1,2-(CIMe,Si)2C2B1oH10 presented isomerization to the corresponding m-carborane
derivatives at 260 and 280 °C, respectively.[5>%1 In contrast, bond cleavage at aryl-
C(cage) was initiated in 1-phenyl-o-carborane at 300 °C.B1 Thus, in general, thermal

rearrangements of 1- and/or 2-aryl-o-carborane hardly proceeded.

Taking account of potential isomerization of o-carborane, we also investigated thermal
reactivity of the bis-o-carborane-modified acenes. Syntheses were performed according
to the previous reports,[*®4° and initially the red-luminescent crystal of the anthracene
derivative 1 involving CHClIs as a crystalline solvent was prepared. The powder sample
of 1-CHCI3 was heated at 300 °C for 10 min in the DSC apparatus, and thermal behaviors

were monitored. Figure 1 shows the TGA and DSC profiles of 1-CHCI;3 crystal under N2



atmosphere. In the DSC profile, the endothermic peaks around 120 °C and at 272 °C were
obtained attributable to the loss of solvent molecules and melting point, respectively. It
should be noted that large exothermic peak was detected at 276 °C. In the TGA profile,
the loss of mass occurred over 340 °C. This fact suggests that the exothermic reaction
should proceed around the melting point of 1. From the pan in the DSC apparatus, the
products were analyzed with HPLC in chloroform and the significant single peak was
detected (Chart S1). After collection, the orange product with almost same red-
luminescent property was able to be isolated with HPLC. The resulting product 2 showed
good stability and solubility in common organic solvents such as chloroform,
dichloromethane and tetrahydrofuran. Thereby, conventional characterization methods in
organic synthesis such as NMR spectroscopies and mass measurement were applicable

(see Experimental Section and Charts S2—S4). Further analyses were performed with 2.

Figure 1

'H and B NMR spectra of 1 and 2 were compared (Figures S1 and S2). It was
indicated that the single chemical component was generated according to the *H NMR
spectrum. The signal peaks corresponding to 1,4,7,8-positions of the anthracene moiety
shifted from 8.60 ppm to 8.79 and 9.16 ppm completely, and broad peak derived from B-
H hydrogens of the carborane cluster was detected. These data indicate that the
exothermic reaction should be not pyrolysis but transformation with maintaining the
carborane cluster. By heating over 320 °C, losses of signal peaks were observed,

indicating that not the second rearrangement but decomposition occurred in the sample.



Molecular structure of 2 was confirmed by X-ray crystallography (Figure 2, Table S1).
Single crystal of 2 suitable for X-ray crystallography was obtained by slow evaporation
of the CHCIs/MeOH solution containing 2. Surprisingly, only one o-carborane moiety
was rearranged to m-carborane. In the crystal structure of 2, it was shown that the
anthracene ring formed a m-stacked dimer with the neighboring anthracene, similarly to
its precursor 1 (Figure S3).[1 The overlapping area of two n-stacked anthracenes was
estimated as 16%, and the distance between the centers of each anthracene was 4.44 A,
which was much shorter than those in 1-solvent. This is probably because the phenyl ring
connected to the m-carborane moiety could be spatially far from the adjacent anthracene
moiety followed by reducing steric repulsion between two molecules. From the
comparison with the crystalline packings before and after the rearrangement,¥ it was
proposed that the rearrangement could proceed at the phenyl ring which was isolated from
the m-dimer of the central anthracenes because of less structural restriction by stacking.
The ring strain of 2 was evaluated with ring deformation angles o and 3 toward the central
ring. The o and  values for the ring of anthracene in 2 were 19.3° and 3.28°, respectively,
which was similar to 1-solvent (Table S2). Intermolecular ©-m stacking between the
anthracene rings and steric hindrances of the phenyl-substituted o-carboranes in the -
stacked dimer induced these large deformation angles just like the case of 1-solvent.
According to the *H NMR spectrum, another structural isomer, in which both o-carborane
moieties rearranged to m-carboranes, was not detected. This fact implies that the

activation energy in the second isomerization could be higher than that in the first one.

Figure 2



To theoretically investigate the rearrangement process, quantum calculations were
performed (Figure 3). Transition state calculations were carried out according to the
calculation procedure by McKee et al.l® Target species were optimized at the B3LYP/6-
31G(d) level of theory and frequency calculations were carried out at the same level to
confirm whether they are at the stationary points. In addition, zero-point energies and
entropies as well as thermal correction data were obtained. Then, single-point electronic
energies were calculated at the B3LYP/6-311+G(2d,p) level. The enthalpies for the
species at 298 K were applied to the enthalpy at 500 and 800 K, and these values were
used to determine the absolute free energy at 298, 500, and 800 K. Initially, it was
confirmed that the optimized structures showed good correspondence to those in the
crystal packing. Therefore, calculation parameters were used in the further theoretical
study. According to the TFR model, transition states were proposed, and energy levels of
each transition structure were estimated.[®? As model reactions, transition behaviors with
o-carborane (0-Cb), 1-phenyl-o-carborane (Ph-o0-Cb), 1-anthracenyl-o-carborane (Ant-
0-Cb) and 1-anthracenyl-2-phenyl-o-carborane (Ant-Ph-0-Cb) were also surveyed with
the same calculation method for assessing the substituent effects on the rearrangement
process (Scheme S1, Figures S4 and S5, and Tables S3 and S4). The activation energies
of ortho to meta transition process of 0-Cb and Ph-o0-Cb were estimated to be 203.0 and
203.5 kJ/mol, respectively, while those of Ant-0-Cb and Ant-Ph-0-Cb were 141.7 and
148.5 kJ/mol, respectively, indicating that introduction of the anthracene moiety
decreased the activation energy. As shown in the previous experimental results, it is likely
that steric repulsion could contribute to facilitating isomerization by lowering the
activation energy.[*? It should be noted that this lowering effect on the activation energy

should play a significant role in the rearrangement process. Calculations for the transition



states of 1 resulted in the rotation of the phenyl-o-carborane moiety as represented in TS1.
Moreover, the successive ortho to meta rearrangement was observed in TS2 with an
activation energy of 103.0 kJ/mol, which is approximately the half energy in the
isomerization of 0-Cb. This significant low activation energy strongly suggests
acceptance of the thermal rearrangement process before decomposition. Furthermore, the
activation energy was estimated in the second ortho to meta isomerization (TS3), and
consequently it was calculated to be 131.1 kJ/mol, which is higher than that in the first
isomerization process. These data clearly indicate that the second rearrangement process
should compete to the decomposition process because of high activation energy. Hence,

the isomer having bis-m-carborane moieties was hardly obtained after heating.

Figure 3

The cyclic voltammograms (CV) were collected with 1 and 2 (Figure S6). Compound
1 showed two reduction peaks correspond to reduction to the dianion and then the
tetraanion.[®®%% In contrast, 2 showed three distinct reduction peaks. The first two
reduction peaks for 2 were the reductions to the monoanion radical and then the dianion.
The third reduction in 2 should be lowered after the formation of the m-carborane cluster.
The diaryl-m-carborane should be more difficult to be reduced than diaryl-o-carborane.!'
The first reduction potential of —0.64 V for 1 was remarkable because it was
approximately by 0.5 V easier to be reduced than an identical bis carborane assembly to
1 but with a tetrafluorophenylene instead of the anthracenylene bridge.*®! The LUMO

energy level was estimated from the peak onset potentials in the spectra, and the HOMO

energy level was calculated from the LUMO energy level and the band gap energy



estimated from the absorption edge (Table S5). Both compounds showed remarkably low-
lying LUMO energy levels of —4.16 eV and —4.13 eV for 1 and 2, respectively. It is likely
that introduction of two carborane moieties should be responsible for lowering energy

levels of both frontier orbitals.

Influence on optical properties was examined in the rearrangement process. Figure 4a
shows the UV—vis absorption and PL spectra of 1 and 2 in THF solution (1.0 x 10> M).
Both absorption spectra exhibited the bands with the peaks around 280 nm and 450 nm
attributable to typical n—n* transition in the phenyl and anthracene moieties, respectively,
meanwhile distinct difference was observed in the PL spectra. Although both compounds
presented emission bands from the ICT state at the similar positions around 650 nm,
obvious increase in the emission intensity was observed from 2 (Table 1, Figure S7).14°
Notably, the absolute PL quantum efficiency (@»L) of 2 was 0.19, which was much higher
than that of 1 (@»L < 0.01). Additionally, aggregation-induced emission enhancement
(AIEE) was clearly demonstrated from 2 in the aggregation (THF/H2O = 1/99 (v/v), 1.0
x 107> M). Furthermore, 2 showed stronger emission in the crystalline state (@p = 0.59).
It was suggested in the previous reports that 1-anthracenyl-2-phenyl-o-carborane showed
almost no emission in THF solution due to excitation deactivation via intramolecular
vibration at the C—C bond in the o-carborane unit.[*l In the meta-form, these vibrational
motions would be absent. As a result, emission enhancements were accomplished in
solution by isomerization. In the aggregation, the m-carborane unit could play a critical
role in suppression of ACQ, followed by emission enhancement without peak shift
because of the steric hindrance. In the crystalline state, the stacking at the anthracene

moiety was enhanced after thermal rearrangement according to the shorter distance in 2



than that in 1. Therefore, slight decrease in the emission efficiency and red shift of the

emission band should be induced.

Figure 4 and Table 1

Finally, to evaluate applicability of thermal rearrangement-triggered emission
enhancement, we performed the thermal treatments with the naphthalene and tetracene
derivatives. 8 From the thermal measurements (Figures S8 and S9), the similar profile
was obtained only from the tetracene derivative in DSC analyses, and the luminescent
product was obtained. Based on this result, the several tens milligrams of the tetracene
derivative was reacted and the product was analyzed. In summary, similarly to anthracene,
emission efficiencies in both solution and solid states were detected after heating with the
tetracene derivative (Tables 1 and S6, Figure S10). The pristine tetracene derivative
showed slight emission in all states due to intermolecular interaction at the distant
aromatic rings from the o-carborane units,[“¢¢1"%31 meanwhile significant emission
efficiencies can be obtained after heating. In the solution state, the emission band was
detected in the shorter wavelength region than that of the anthracene derivatives. This
result proposed that the original emission from tetracene should be recovered by heating.
As aresult, the emission band was detected in the similar wavelength region to the pristine
tetracene (450—650 nm). It was implied that the single o-carborane unit might play an
insufficient role in excitation deactivation, resulting in emission enhancement after the
thermal rearrangement. In the solid state before heating, emission bands in the longer
wavelength region with small emission efficiencies were observed, indicating that

intermolecular interaction, followed by ACQ occurred. After heating, blue-shifted



emission bands were observed in the aggregation and crystalline samples, proposing
suppression of stacking. Disturbance to intermolecular interaction should be induced by
m-carborane, followed by emission enhancement in the solid state. These data suggest
two issues. Since thermal rearrangements occurred in relatively-wider acenes such as
anthracene and tetracene, it is supported that electronic interaction between the o-
carborane unit and the bridging acene moiety should play a positive role in reduction of
energy barriers in the thermal reactions. Next, emission enhancement by the thermal

rearrangement has applicability in the different molecule.

Conclusion

Unexpected emission enhancement by heating was observed from the bis-o-carborane-
modified acenes. From the mechanistic study with the anthracene derivative, it was found
that ortho to meta isomerization proceeded. X-ray crystallography revealed that one of
two o-carborane units rearranged to m-carborane, and two molecules of 2 formed a -
stacked dimer in the crystal packing just like 1. The thermal rearrangement process was
simulated by quantum calculations, and two important issues were found. Firstly,
introduction of the anthracene moiety can lower the activation energy in the
rearrangement. Secondly, higher thermal assistance should be needed in the second
isomerization at another o-carborane unit. Therefore, only one o-carborane moiety
rearranged to m-carborane completely. Moreover, compound 2 showed enhanced
luminescent properties both in solution and crystalline states, and the AIEE behavior was
obtained. Finally, similar luminescent enhancement was also detected from the tetracene
derivative. Aryl-modified carboranes are known to be a versatile platform for obtaining

functional luminescent materials having highly-efficient solid-state emission and



luminescent chromic behaviors. This rearrangement reaction would contribute to
extending the number of compounds in the material library. Thus, our findings could be
useful for designing thermally-resistant solid-state emissive materials having multi-

chromic characteristics based on o-carborane derivatives.

Experimental section

General. 'H, 3C, and B NMR spectra were recorded on a JEOL JNM-EX400
instrument at 400, 100, and 128 MHz, respectively. The *H and *3C chemical shift values
were expressed relative to MesSi as an internal standard. The B chemical shift values
were expressed relative to BFz-Et,O as an external standard. High-resolution mass spectra
(HRMS) were obtained on a Thermo Fisher Scientific EXACTIVE spectrometer for
atmospheric pressure chemical ionization (APCI). 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. Photoluminescence (PL) spectra were
obtained on a Horiba FluoroMax-4 luminescence spectrometer; absolute PL quantum
efficiencies (®pL) were determined using a Horiba FL-3018 Integrating Sphere.
Differential scanning calorimetry (DSC) thermograms were recorded on a Seiko DSC200
instrument using approximately 1.5 mg of samples at heating rate of 10 °C / min under
N2 atmosphere. Thermogravimetric analysis (TGA) was carried out on a Seiko EXSTAR
6000 instrument at heating rate of 10 °C / min under N2 atmosphere. Cyclic voltammetry
(CV) was carried out on a BAS CV-50W electrochemical analyzer in DMF containing
0.1 M of sample and 0.1 M of BusNCIO4 with a glassy carbon working electrode, a Pt

counter electrode, a Ag/AgCl (Ag/Ag®) reference electrode, and a ferrocene/ferrocenium



external reference. Recyclable preparative high-performance liquid chromatography
(HPLC) was performed on a Japan Analytical Industry LC-918R (JAIGEL-1HH and 2HH

columns) using CHClz as an eluent (flow rate: 7.5 mL/min)

Synthesis.
Neat condition under N2 atmosphere

1-CHCI; (3.6 mg, 4.9 pmol) was heated to 300 °C for 10 min under N> atmosphere by
using DSC apparatus to obtain 2 (2.2 mg, 3.6 pgmol, 73%). Further purification for optical
measurements was carried out by using HPLC (CHCl3 as an eluent). Single crystal of 2
suitable for X-ray crystallography was obtained by slow evaporation in the CHCls/MeOH
solution. "TH NMR (400 MHz, CD,CL): §(ppm) 9.16 (2H, d, J=9.0 Hz, Ar-H), 8.79 (2H,
d, J=9.0 Hz, Ar-H), 7.43 (2H, t, J= 7.3 Hz, Ar-H), 7.29 (7TH, tt, /= 8.8 Hz, J = 3.3 Hz,
Ar-H), 6.85 (2H, t, J = 4.0 Hz, Ar-H), 6.74 (3H, d, J = 7.3 Hz, Ar-H), 4.39—-1.65 (20H,
br, B-H). *C NMR (100 MHz, CD>Cl): 5(ppm) 135.4,134.9,131.9, 131.6,131.4, 131.2,
130.7,129.4, 128.7, 128.6, 128.3, 126.0, 125.7, 125.1, 124.1, 122.3, 96.4, 90.8, 77.7, 77.6.
"B NMR (128 MHz, CD>CL): & (ppm) 1.1, 0.1, -2.3, -3.3, -9.3, —10.2. HRMS (APCI):

Caled. for C3oH3sB2o [M+H]" m/z 619.4977, found m/z 619.4970.

Neat condition under air atmosphere

Crystals of 1-CHCIs (3.2 mg, 4.4 umol) was put between two glass slides and heated
to 290 °C for 5 min under air atmosphere by using hot plate. After cooling, further
purification was carried out by using HPLC (CHCI; as an eluent) to obtain 2 (1.8 mg, 2.9

umol, 66%).



Solution condition

1-CHCI3 (11.8 mg, 16 pmol) was dissolved in squalane (3 mL) and heated to 290 °C
for 2 h under Ar atmosphere with stirring. After cooling, squalane was removed by silica
gel column chromatography with hexane as an eluent and compound 2 was obtained (4.9

mg, 8.0 pmol, 50%).

Calculation method.

Transition state calculations were carried out by Gaussian 09 suit program?, using the
calculation procedure by McKee et al.? Target species were optimized at the B3LYP/6-
31G(d) level of theory and frequency calculations were carried out at the same level to
confirm whether they are at the stationary points. In addition, zero-point energies and
entropies as well as thermal correction data were obtained. Then, single-point electronic
energies were calculated at the B3LYP/6-311+G(2d,p) level. The enthalpies for the
species at 298 K were applied to the enthalpy at 500 and 800 K, and these values were

used to determine the absolute free energy at 298, 500, and 800 K.
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Figures and Tables
Scheme 1. Thermally-induced rearrangement in o-carborane
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Figure 1. (a) DSC thermogram and (b) TGA curve of 1:CHCI; at heating rate of

10 °C/min under N> atmosphere.
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Figure 2. (a) Molecular structure and (b) n-dimer formation of 2 determined by X-ray

crystallography.
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Figure 3. Calculated relative free energies and geometries of 1.
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Figure 4. UV—vis absorption and PL spectra of 1 and 2 in THF solutions (1.0 x 107> M).
Excitation wavelengths were at Aapsmax. Pictures were taken under UV irradiation (365

nm).



Table 1. Optical properties of the modified acenes before and after heating®

ApL [nm] Dp ©
THF? aggregation® crystal THF® aggregation® crystal
1 647 643 628¢ <0.01 0.08 0.77¢
2 652 642 632 0.19 0.38 0.59
Tetracene' - 759 742 - 0.01 <0.01
After 568 657 670 0.30 0.07 0.07

heating?
3Excited at each Aapsmax. °1.0 x 10> M at room temperature. ¢1.0 x 10° M in THF : H20
=1:99 at room temperature. “The data were collected from the chloroform incorporated
crystal (1-CHCIs). “Determined as an absolute value with the integration sphere method.
'Ref. 46. 9Product from the tetracene derivative after heating at 300 °C for 10 min.




Graphical Abstract
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The thermal reaction of the bis-o-carborane-modified anthracene was detected. It was
proved that thermal rearrangement from ortho- to meta-carborane occurred. From optical
measurements, not only luminescent efficiencies but also aggregation-induced emission
enhancement were observed. It was also demonstrated that this reaction was applicable

with the tetracene molecule to obtain the deep-red luminescent dye.

A key topic: Luminescent carborane



