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Abstract: The enhancement of aggregation-induced emission (AIE) is presented on the basis of the
strategy for improving solid-state luminescence by employing multiple o-carborane substituents.
We synthesized the modified triphenylamines with various numbers of o-carborane units and
compared their optical properties. From the optical measurements, the emission bands from the
twisted intramolecular charge transfer (TICT) state were obtained from the modified triphenylamines.
It was notable that emission efficiencies of the multi-substituted triphenylamines including two
or three o-carborane units were enhanced 6- to 8-fold compared to those of the mono-substituted
triphenylamine. According to mechanistic studies, it was proposed that the single o-carborane
substitution can load the AIE property via the TICT mechanism. It was revealed that the additional
o-carborane units contribute to improving solid-state emission by suppressing aggregation-caused
quenching (ACQ). Subsequently, intense AIEs were obtained. This paper presents a new role of the
o-carborane substituent in the enhancement of AIEs.
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1. Introduction

Organic luminescent materials are versatile as a platform for developing not only opto-electronic
devices but also optical bioprobes and sensors. By modulating chemical structures according to
preprogrammed designs, material functions can be readily tuned. There are numerous numbers of
luminescent organic molecules in the diluted solution, while the limited number of solid-state emissive
dyes has been available, as most of luminescent properties are spoiled in the condensed state via
aggregation-caused quenching (ACQ). One of the valid strategies for obtaining solid-state luminescent
properties is to design materials by employing aggregation-induced emission (AIE)-inducible
“element-blocks” [1], which are a minimum functional unit containing heteroatoms. It is known
that AIE-active molecules and materials can provide intense emission only in the aggregation state,
and because of a large versatility of AIE, a wide variety of applications have been achieved [2]. Recently,
various types of AIE-inducible element-blocks have been discovered, and solid-state luminescent
materials can be produced [3]. Additionally, luminescent chromic behaviors toward various external
stimuli were occasionally observed from these AIE-active “element-block materials” [4]. Thus,
exploration and comprehension of new AlE-active element-blocks are a topic with high relevance,
particularly in material science.

o-Carborane [5-10] is an icosahedral cluster composed of 2 carbon and 10 boron atoms, and
it has recently attracted attention as a key component for constructing solid-state luminescent
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materials [11-22]. Because of the electron-deficient nature of the boron cluster, intense emission
from the intramolecular charge transfer (ICT) state can be observed from the donor-acceptor system
with electron-donating units such as triphenylamine and its structural analogues [23-26]. In particular,
owing to steric hindrance of the sphere shape of the cluster, suppression of ACQ was often induced in
the condensed state, followed by intense solid-state emission [11-22,27-29]. Indeed, applicability of
the modified o-carboranes for organic light-emitting devices has been demonstrated from the recent
studies [30,31]. Moreover, it should be noted that some of the modified o-carboranes also showed
AIE [23,24,30,32-38]. In the solution state, the modified o-carboranes presented slight emission as a
result of emission annihilation by molecular motions, while intense emission was recovered because
of low mobility in the solid state. Thus, we have also focused on o-carborane as an AIE-inducible
element-block [3,39-42]. However, in the aggregation state, the AlE-active o-carboranes still suffer
from a decrease in emission efficiency as a result of incomplete suppression of molecular motions in
the aggregation state. Thus, our next goal is to establish design strategies for enhancing AIE.

Herein, we report the synthesis and optical properties of the modified triphenylamines with
various numbers of o-carborane units. According to the recent works, it was observed that the
aryl-modified o-carboranes provided extremely intense luminescence with almost quantitative
efficiencies, even in the solid state [27-29]. Moreover, it was shown that multi-carborane substitutions
onto benzene induced AIE and solid-state luminescence [43]. On the basis of these results, we presumed
that the introduction of multiple o-carborane units into the strong electron-donating unit might be
effective for realizing intense AIE. To examine the validity of this idea, we focused on triphenylamine as
an electron-donor [23-26,30-32,44-47], synthesized modified triphenylamines with various numbers
(1-3) of o-carboranes and compared their optical properties.

2. Results and Discussion

Modified triphenylamines with various numbers of o-carborane units were synthesized (Figure 1
and Scheme 1) [48]. The desired products were obtained via insertion of decaborane(14) to
ethynyl compounds. All the products were characterized by 'H-, !'B- and '*C-NMR spectra and
high-resolution mass measurements (Charts S1-59). The products showed a high stability and
good solubility in common organic solvents such as hexane, octane, benzene, dichloromethane,
and tetrahydrofuran. In particular, the products provided strong luminescence in the solid state. Thus,
further measurements were performed with the products.

Electronic structures of the modified triphenylamines in the ground state were evaluated
with UV-vis absorption measurements (Figure 2a and Table 1). The spectra were obtained in the
octane solution. All the modified triphenylamines showed almost the same absorption spectra,
with peaks at around 320 nm. In addition, molar extinction coefficients at the absorption maxima
were enhanced by increasing the number of o-carborane units. An increase of the number of
chromophore units composing the o-carborane-aniline structure should be responsible for enhancing
absorption properties.
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Figure 1. Chemical structures of the modified triphenylamines used in this study.
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1a: Ry =Ry, =H
2a: Ry = ethynyl, R, = H
3a: Ry = R, = ethynyl

a N

—

1B: R1 = R2= H, 6%
2B: R4 = o-carboranyl, R, = H, 10%
3B: R4 = Ry = o-carboranyl, 5%

Scheme 1. Syntheses of 1-3B 2. (* Reagents and condition: decaborane, AgNO3, toluene, and acetonitrile; reflux, 2 days for 1B and 7 days for 2B and 3B.).

Table 1. Optical properties of 1-3B.
a €max b c b,d /\em,77K Aem,rt df Aem,77K E, AH E,+ AH
Compound  Aqps (nm) M-Tem=1)  Aemnt (M)® - Aem (nm) brL (nm) © (nEa+AHE,+AHm)f PrL (m) f J/mo)  (J/moD  (KJ/mol)
1B 314 23,300 374,557 364, 567 <0.01 361, 424, 662 372,635 0.04 372,649 3.4 4.4 7.8
2B 331 28,900 362, 541 382, 694 <0.01 382, 460, 625 623 0.30 602 5.0 47 9.7
3B 321 45,300 358, 516 379, 677 <0.01 377,452, 609 602 0.25 586 5.6 2.9 8.5
21.0 x 1075 M in octane at room temperature. ® 1.0 x 107> M in octane at room temperature with the excitation light at A,,. © 1.0 x 107> M in MTHF at room temperature with the
state with the excitation light at Aps.

excitation light at A,p,. ¢ Determined as an absolute value with the integration sphere method. © 1.0 x 10~ M in MTHF at 77 K with the excitation light at A,s. f Measured in the solid
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Figure 2. (a) UV-vis absorption and (b) photoluminescence PL spectra of the modified triphenylamines
in octane (1.0 x 107> M). Light scattering from the incident light around 620 nm was omitted in
the spectra.

Emission properties were examined with the modified triphenylamines. Triphenylamine scarcely
presented photoluminescence (PL) [46,47], while all the modified triphenylamines showed two
emission peaks at around 370 and 550 nm in the octane solution state, although the emission efficiencies
were low (Figure 2b and Table 1 and Table S1). It was suggested that these emission bands in the
near-UV and longer-wavelength regions were attributable to the locally excited (LE) and ICT states,
respectively, because only the emission bands in the longer-wavelength region were shifted by changing
the solvent polarity (Figure S1 and Table S2) [23-26].

Another significant point was the blue-shift of the emission peak in the longer-wavelength region
by increasing the number of the o-carborane units. In the previous reports on electronic properties of the
donor—acceptor system including triphenylamine, similar blue-shifts of absorption and emission bands
have been observed by increasing the number of electron-accepting branches [49-51]. Accordingly, it
is implied that electron-donating ability from lone pairs of nitrogen in the center of the triphenylamine
moiety should be weakened by increasing the number of electron-deficient o-carborane substituents.
Thereby, the blue-shift was induced in the emission band. Indeed, from the Lippert-Mataga plots
and following analyses, it was indicated that the ICT characters were confirmed with similar extents
to the previous donor—m-acceptor system [52]. In particular, it was noted that the degree of the ICT
character decreased by the introduction of o-carborane (Figure S2 and Table S3). The differences in
dipole moments during the excitation were extended by reducing the number of o-carborane units
(2B: 14.0 D; 3B: 13.5 D). These results correspond to the results from the previous reports and support
the above mechanism.

Next, the solid-state luminescent properties were evaluated (Figure 3). Intense emission bands
attributable to the ICT emission were obtained in the PL spectra with the solid samples. Significant
enhancements of emission efficiencies were observed, comparing to those of the solution samples
(Table 1). These results mean that the triphenylamines should be the AlE-active molecules. It should
be noted that emission efficiencies of 2B and 3B were 6- to 8-fold greater than that of 1B, clearly
indicating that the introduction of multiple o-carborane substituents should be valid for enhancing AIE.
Owing to steric hindrances of the multiple o-carborane units, ACQ could be synergistically suppressed
even in the solid state. Thus, significant intense emission bands could be observed from the solid
samples of the multi-substituted triphenylamines. By cooling the samples at 77 K, the intensity of
the ICT emission bands increased (Figure S3). Thermal motions should be inhibited, and emission
enhancement was observed.
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Figure 3. Photoluminescence (PL) spectra of (a) 1B, (b) 2B and (c) 3B in the solid state at room
temperature. Light scattering from the incident light at around 620 nm was omitted in the spectra.

To clarify the emission mechanism, further analyses were executed. According to the previous
work with the anthracene-modified o-carborane dyad, it was shown that the ICT emission is
obtained via the twisted intramolecular charge transfer (TICT) mechanism in the crystalline state [53].
The temperature dependency of the dual emission properties would provide mechanistic information.
In addition, the dual emission properties are useful for realizing luminescent chromic materials toward
environmental changes such as temperature, although emission efficiencies in the solution were
small [54]. Therefore, we measured the PL spectra at various temperatures in the octane solution
(Figure 4). Thermochromic luminescent behaviors were observed from all the solutions. The intensity
ratio of the emission band in the longer-wavelength region decreased by increasing the solution
temperature, implying that this emission band was from the TICT state in which structural alteration
in the excited state occurred [53]. The rotation barrier (E;) and energy gaps between the LE state and
ICT states (AH) can be estimated from Stevens—Ban plots based on variable-temperature PL spectra
presenting dual emission (Figure S4). Accordingly, almost identical values were obtained from all the
modified triphenylamines (Table 1). These data suggest that conformation changes should proceed
independently from the substitution effect of the o-carborane unit after excitation.
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Figure 4. Variable temperature photoluminescence (PL) spectra of (a) 1B, (b) 2B and (c) 3B in octane
(1.0 x 10~° M) from 283 to 353 K. Light scattering from the incident light at around 620 nm was omitted
in the spectra.
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PL spectra in 2-methyl-THF (MTHF) solution at 77 K were recorded to understand its
conformations in the ground state (Figure S5). Three emission bands with peaks at around 360,
450 and 640 nm were observed from all the modified triphenylamines. Emission peaks at around 360
and 640 nm were assigned to the transitions from the LE and ICT states, respectively. The emission
band at around 450 nm showed a long decay time (4.2 ms) and corresponded to phosphorescence of
triphenylamine (Figure 56). Thus, this emission band was attributable to phosphorescence from the
triphenylamine moiety.

According to the previous reports, it is known that electronic structures of o-carborane are
drastically changed by the rotation at the substituents [55]. To obtain deep insight into the optical
properties, theoretical calculations were performed with 1B (Figures 5 and 6). The optimized structures
and frontier orbitals (HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular
orbital) were calculated by using density functional theory (DFT) and time-dependent DFT (TD-DFT) at
the CAM-B3LYP/6-31+G(d,p)/ /B3LYP/6-31G(d) level by using the Gaussian09 program in the ground
and excited states, respectively. The dihedral angle between the C—C bonds in o-carborane and the
hypothetical plane of triphenylamine was denoted as ¢. It was shown that two conformations (¢ = 7°
and 90°) with similar total energy levels should exist in the ground state of 1B (Figure 5). In the excited
state, HOMO was located at the triphenylamine moiety, and LUMO was delocalized through the
whole molecule in the planar conformation (Figure 6). In contrast, in the twisted conformation, LUMO
was localized at the o-carborane unit, although a similar orbital distribution of HOMO to that in the
planar conformation was obtained. This result corresponds to those from the previous aryl-modified
o-carborane dyads, which can present the TICT emission [53]. In the planar conformation (¢ = 7°),
electronic interaction scarcely occurred between the o-carborane unit and the triphenylamine moiety.
As a result, mainly the LE emission could be obtained. On the other hand, the ICT emission was
induced in the twisted state. In the solution state, both conformations existed, and the dual emission
bands from the LE and ICT states were obtained by freezing at 77 K. From the PL spectra, three distinct
emission bands were also observed from both the solutions containing 2B and 3B. Similarly to 1B, these
data indicate that two types of molecular distributions, such as the planar and twisted conformations,
should be included in the ground state. This theoretical investigation also supports that the TICT
emission should be obtained from the o-carborane-modified triphenylamines.
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Figure 5. Optimized structures and calculated molecular orbitals of 1B in the ground state.
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Figure 6. Calculated molecular orbitals in the transitions of 1B in the excited state.

3. Conclusions

We accomplished the enhancing of AIE behaviors by introducing multiple o-carborane units into
triphenylamine. According to the results from optical measurements, it was proposed that the second
and third o-carborane units were responsible for improving emission efficiencies in the solid state.
Indeed, intense emission bands were observed only from the solid samples in this study. Finally, clear
AIE behaviors were obtained from 2B and 3B, indicating that o-carborane can play a significant role in
enhancing the AIE property as well as AIE-inducible element-blocks. Our findings could be useful not
only for designing AlE-active dyes, but also for developing environment-sensitive emissive materials.

Supplementary Materials: Supplementary Materials are available online.
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