Tuning of Sensitivity in Thermochromic
Luminescence by Regulating Molecular Rotation

Based on Triphenylamine-Substituted o-Carboranes

Kenta Nishino, Kazuo Tanaka*, and Yoshiki Chujo

Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University,

Katsura, Nishikyo-ku, Kyoto 615-8510, Japan

E-mail: tanaka@poly.synchem.kyoto-u.ac.jp



Abstract

This study demonstrates tuning of sensitivity in thermochromic luminescence from
triphenylamine-substituted o-carboranes by regulating rotation barriers with the
substituent effect. The series of the o-carborane dyads with various numbers of methyl
substituents were prepared, and their optical properties were compared. Initially,
significant dual-emission properties consistent of the locally-excited (LE) state and the
induced charge transfer (ICT) state were observed from the solid samples of all dyads. In
particular, diverse responses were obtained by cooling from the dyads. The pristine and
mono-substituted dyads presented thermally-independent emission during temperature
changes, whereas thermochromic luminescence with drastic color change from red to blue
was detected originated from alteration of intensity ratios between LE and CT emission
bands. From the mechanistic studies including experimental and theoretical investigations,
it was clearly shown that the difference in the rotation barrier of the o-carborane unit
caused by the substituent effect should play a key role in variable sensitivity in

luminescent chromic behaviors in temperature change.



Introduction

Development of solid-state emissive organic materials containing boron is a topic with
high relevance because of their huge versatility especially on the fabrication of modern
optical devices.M In particular, by adding stimuli-responsive luminochromic ability,
application for wearable and film-type chemical sensors can be expected.l? To satisfy
multiple demands according to the preprogrammed design, luminescence from induced
charge transfer (ICT) state is a versatile platform. Because of high sensitivity of the ICT
state to environmental factors such as solvent polarity, temperature and viscosity,
chemical sensors can be easily constructed.®! Moreover, the emission bands from locally-
excited (LE) and ICT states were occasionally observed from the single materials
simultaneously.[l Based on this dual-emission property, various luminescent colors can

be obtained by tuning intensity ratios between these two emission bands.

Conventional organic dyes mostly showed weak emission in the condensed state via
aggregation-caused quenching (ACQ) processes, whereas recent reports indicated that
modification of aromatics by the o-carborane unit is one of effective strategies for
avoiding ACQ, followed by observing intense solid-state emission.[®] Therefore, we
regard the o-carborane unit as the promising solid-state emissive “element-block”, which
is the minimum functional unit composed of heteroatoms.[5”1 o-Carborane is an
icosahedral cluster compound composed of 10 boron and 2 carbon atoms linked with
three-center-two-electron bonds. Because of electron-deficient nature at the carbons,
bright emission from the ICT state can be expressed by the combination with electron-
donating units when bonded at the carbon.l®! In particular, it was found from the series of

studies with aryl-o-carborane dyads that o-carborane can work as the efficient solid-state



emissive “element-block”.l®l Even in the solid state, intense ICT emission with almost
quantitative emission efficiency was observed.®! Furthermore, in these dyads, it was
shown that rotation at the o-carborane unit should be induced in the excited state.*” As a
result, significant emission via twisted intramolecular charge transfer (TICT) was
observed in the solid state. According to the computer calculation, it was proposed that
mechanical motions at the o-carborane unit could be capable in the presence of structural
restriction in the condensed state owing to the sphere molecular structure of o-
carborane.! Indeed, under the cooling conditions where intramolecular motions were
frozen, rotation was suppressed, resulting in emission only from the locally-excited (LE)
state of the aryl moiety. Based on these data, we presumed that luminescent chromic
materials can be designed and synthesized by regulating energy barriers in the rotation of
the o-carborane unit. Especially, by modulating emission intensity ratios between LE and
TICT states, drastic color changes were expected. To prove validity of this idea, we
designed electron-donor-modified o-carborane dyads consisting of triphenylamine

because of significant luminescent properties in solid.l*]

Herein, controls of stimuli-responsive luminescent chromic behaviors in the solid state
are described with the triphenylamine-substituted o-carborane dyads. Based on the idea
for obtaining dual-emission property by modulating rotation barriers at the o-carborane
unit, the substituent effect was employed. From the optical measurements, it was clearly
shown that thermochromic luminescence was accomplished with the solid sample of the
synthesized dyads. Furthermore, it was shown that sensitivity in luminescent
thermochromic behaviors was varied. From the mechanistic studies, it was suggested that

the degree of rotation during the TICT process should be altered by the substituent effect.



Finally, both thermally-resistant emission and drastic color change between blue and red

can be obtained from the single dyad system.



Results and Discussion

Three types of the triphenylamine-substituted o-carborane dyads were designed
(Scheme 1). The dyad 3a is a basic structure. Because of less steric hindrance around the
o-carborane unit, it was presumed that free rotation frequently occurred both in the ground
and excited states. As a result, dual emission properties were expected. 3b and 3c were
supposed to mainly form the twisted and planar conformations between the C—C bond in
the o-carborane unit and the molecular plane of the triphenylamine moiety because of
structural restriction caused by steric hindrances of the methyl substituents, respectively.
It was assumed that degree of rotation could be suppressed by the substituent effects, and
different optical properties and responsivity toward heating were proposed. Synthetic
routes are shown in Scheme 2. Initially, p-bromo-o-carboranylbenzene derivatives 2a—c
were obtained via the alkyne insertion reaction with decaborane.? Then,
triphenylamine-o-carborane dyads 3a-c were synthesized via the Buchwald—Hartwig
cross coupling reaction.[*® All compounds were characterized by the H, B and *3C
NMR spectra and HRMS measurements. The products showed good stability and
solubility in common organic solvents such as CHCIs, CH.Cl,, tetrahydrofuran (THF)
and benzene. Thus, we concluded that the products should have the designed structures

and enough stability for performing the series of measurements.

Schemes 1 and 2

UV-vis absorption spectra of 3a—C in the octane solution at 298 K are shown in Figure

la. The optical properties are listed in Table 1. All samples showed the broad absorption

bands with the peaks around 300 nm attributable n—=* transition at the triphenylamine



moiety.'11 The peak shifts were induced by connecting with o-carborane although the
width of the shifts were small. It is likely that extension of n-conjugation should occur
through o*—n* interaction on the C—C bond in o-carborane. Next, photoluminescence
(PL) spectra of the compounds were measured in the solution state (Figures 1b). In octane,
3a showed the emission bands around 370 and 560 nm. The emission band around 370
nm was identical to that of triphenylamine.[*>%4 Moreover, by increasing solvent polarity,
the emission band around 370 nm was hardly shifted, and only the emission band around
560 nm was red-shifted (Figure S1). These facts indicate that the emission bands around
370 and 560 nm are assigned as the LE and ICT emission, respectively.*® The dual-
emission property was also observed from 3b and 3c although intensity at the LE emission
was extremely low. In the presence of the substituents, free rotation could be disturbed.
Reverse transition from the ICT state to the LE state should be suppressed, followed by

large emission bands with the ICT character.

To investigate dual emission properties in detail, temperature dependency was
investigated on optical properties (Figures S2 and S3). Absorption bands were slightly
influenced by temperature changes, while the relative intensities of the ICT emission
compared to the LE emission of 3a and 3b decreased by heating from 293 K to 353 K
and by cooling from 283 K to 253 K, respectively. In contrast, the relative intensity of the
ICT emission of 3c increased by heating to 353 K. Based on these data, the Stevens—Ban
plots were prepared (Figure S4).['®1 From the fitting lines, rotation energies (Ea) and
energy gaps between LE and ICT states (4H) can be estimated according to the
literature.[*®! The E, values of 3a, 3b and 3c were 3.4 kd/mol, 9.1 kJ/mol and 10.1 kJ/mol,

respectively. In addition, 4H values of 3a and 3b were estimated as 4.4 kJ/mol and 5.4



kJ/mol, respectively. These data mean that the rotation barrier in the excited state of 3c is
the largest in three carboranes. It is likely that the largest steric hindrances from dual
methyl substituents in 3c should contribute to increasing rotation energy (Figure S5). In
addition, small values of AH were obtained from the plots. This means that in the excited

state, rotation should be capable.

It is known that the planar and twist conformations are favorable for exhibiting LE and
ICT or TICT emission, respectively.l’?! Furthermore, molecular conformation can be
evaluated from the emission property. Next, luminescent spectra in 2-methylTHF
solutions at 77 K were measured (Figure S6). Three emission bands with the peaks at 360,
450 and 640 nm were observed from 3a. Emission peaks around 360 and 640 nm were
assigned to the transitions from the LE and ICT states, respectively. The emission band
around 450 nm showed long decay time (4.2 ms) and corresponded to phosphorescence
of triphenylamine (Figure S7).1*4 3b showed the large ICT emission band around 600 nm,
meanwhile 3c presented the LE emission around 370 nm. These results suggest that the
most stable molecular structure of 3b and 3c should be the twisted and planar

conformations in the ground state, respectively.1%

Solid-state emission properties were measured with the dyads (Figure 2). 3a and 3c
demonstrated the dual-emission behaviors at room temperature similarly to those in the
solution state, while 3b showed a large emission band around 590 nm attributable to the
ICT emission. Moreover, absolute photoluminescence quantum yields (@p.) of 3a, 3b and
3c of the ICT emission were 0.035, 0.648 and 0.060, respectively (Table 1). According to

the literature, these strong emission bands from the ICT state and high quantum yields



were induced by preventing the rotation at the o-carborane unit by the methyl group at
the carbon atom in o-carborane.l’! The quantum yield of 3b was significantly higher than
those of others. This fact was caused by the structural immobilization at the twisted
conformation in which the ICT transition is favorable. To check validity of this

speculation, the PL spectra with solid samples were carried out at 77 K.[*"]

At 77 K, solid sample of 3b showed only the large emission band with the peak at 600
nm attributable to the ICT emission. Although the emission bands around 600 nm were
also observed in 3a and 3c, the emission bands attributable to the LE emission were
obtained. The solid sample of 3b was stable at the twisted conformation, and the ICT
emission was obtained. In the solid sample of 3a and 3c, both conformations could exist,
and subsequently emission bands from both states should be simultaneously observed. At
77 K, 3c showed the large emission band with the peak at 390 nm attributable to the LE
emission. Rotation of the o-carborane unit was efficiently restricted by the substituent
effect, and the existing ratio of the planar conformation could increase. Thereby, the clear
dual emissive property should appear at 77 K. Finally, emission color was dramatically

changed from red to blue by cooling.

To support their optical properties, theoretical evaluation was performed. Initially, their
optimized conformations were estimated, and molecular orbitals 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 Gaussian09 program in the ground
and excited states, respectively.l*®l The length of the C—C bond in o-carborane and the

dihedral angle between the C—C bonds in o-carborane and triphenylamine were denoted



as | and ¢, respectively. It was proposed that two conformations with similar total energy
levels should exist in the ground state of the dyads (Figures S8 and S9). Representatively
in 3a and 3c, the planar and twisted conformations were obtained from structural
optimization. The results from TD-DFT calculation showed good agreement with the
absorption spectra (Table S1). Moreover, from evaluation of electronic structures, the
corresponding results were obtained with the previous reports on the o-carborane
dyads.[*! In summary, HOMOs were located at the triphenylamine moiety, and LUMOs
were delocalized through whole molecules. Similar orbital shapes of HOMOs and
LUMOs were obtained in the planar and twisted conformations. It was confirmed that
twisted conformations showed the o*—n* conjugation involving the phenyl ring and the
C—C bond in o-carborane. Planar conformations showed the 6*—n* conjugation involving
the phenyl ring and the C—B bond in o-carborane. The LUMO energy level of 3a was
more stable than that of triphenylamine because of extension of conjugated system. This
result strongly supports the above speculation on the red-shifted absorption band of 3a
toward triphenylamine. 3b and 3c showed similar electronic orbitals. Therefore, similar

absorption bands were also observed.

Next, to gather information on emission properties, the quantum calculation was
carried out with the excited molecules. Molecular orbitals and energy levels in each
conformation were calculated by using a TD-DFT method (Figure 3). From the peak
positions in the PL spectra, the S1'—So' transition was assigned to the transition between
HOMO and LUMO. According to the localization of molecular orbitals on the dyads, it
was proposed that transitions in the twisted conformation had the ICT character, meaning

that the red emission should be obtained from the HOMO—-LUMO transition in the



twisted conformation. Molecular orbitals were mainly localized at the o-carborane units
in LUMOs in the twisted conformation, meanwhile molecular orbitals were largely found
at the triphenylamine moieties in HOMOs. In the planar conformation, molecular orbitals
constantly existed at the triphenylamine moieties in LUMOs although localization
patterns in the whole molecules were varied. These tendencies were often observed from
the luminescent molecules with the ICT character. Furthermore, in the planar
conformation, the C—C bond length in o-carborane was 1.64 A, while the C—C bond
length was elongated to 2.38 A in the twisted conformation. This bond elongation was
also suggested in the previous report on the o-carborane derivatives having the emission

property with the ICT character.[*°]

Finally, to explain sensitivity differences in thermochromic luminescence, further
calculations were performed. The energy diagrams of 3a—c with different dihedral angles
(o) in the absorption So—S1 and emission Si'-So' transitions were estimated (Figure S10).
Schematic illustrations are presented in Figure 4. In the So (black dots) and S1' (gray dots)
states, energies of 3a were almost constant regardless of dihedral angles. This result
suggests that the rotation barrier should be very small, and both planar and twisted
conformations can be formed in the ground and excited states. Indeed, in the solid state,
the dual emission behavior was observed (Figure 4a). In contrast, the energy diagrams of
3b and 3c were influenced by the dihedral angle. The energy of 3b in Sg and S:' states
became lower by increasing the dihedral angle. Since steric hindrance of the methyl group
should be minimized, the twisted conformation has the lower energy compared to the
planar one. In Figure 4b, the ICT emission bands derived from the twisted state were

detected. The energy level of 3c around 0° was more stable than that around 90° at the So



state with the rotation barrier around 30-80°, whereas the twisted conformation was the
most stable at the S1' state. These results suggest that 3c prefers to form the planar
conformation in the ground state, meanwhile the twisted conformation is favorable in the
excited state. These showed good agreement with the data in Figure 4c. At room
temperature, conformational change from planar to twisted conformation proceeded in
the excited state, resulting in intense red emission from the ICT state. On the other hand,
the LE emission in the blue region originated from the planar conformation was enhanced
in the solid state at 77 K. Therefore, clear thermochromic luminescence from red to blue
by cooling was accomplished. From these data, it was suggested that sensitivity in
thermochromic luminescence can be tuned by introducing the substituents via regulation

of degree of molecular rotation at the o-carborane unit.



Conclusion

By introducing the substituents around the o-carborane unit in the triphenylamine-
modified dyads, the height of rotation barriers was altered. As a consequence, dual-
emissive properties were obtained from the solid samples of the dyads. Especially, not
only intensity ratios between the LE and ICT emission bands in dual emission behaviors
but also temperature dependency of luminescent chromism can be tuned. Finally, both
solid-state thermochromic luminescence and thermally-resistant emission properties were
realized with the same molecular skeleton. Our concept could be valid for developing

advance luminescent chromic materials according to preprogrammed molecular design.
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Figures and Tables

Scheme 1. Molecular structures of o-carborane and triphenylamine-o-carborane dyads
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Scheme 2. Synthesis of triphenylamine—o-carborane dyads
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Fig. 1 (a) UV—vis absorption and (b) normalized PL spectra of 3a—c in the octane
solutions with the concentration at 1.0 x 10~ M.
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Fig. 2 PL spectra of the solid samples at room temperature and 77 K and pictures under
UV irradiation (365 nm).
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Table 1. Optical properties of 3a—
Compound Aabs /Iem,rt iem,rt
(nm)* (nm)°® _(nmy)°

7)) d /lem,77K /lem,rt & dllem,77K Ea AH Ea+AH
L (hm)e (hm)t T (nm)" (kd/mol) (kd/mol) (kI/mol)

3a 361
374, 364, T 372, 372,
314 557 567 <0.01 4(15%4; 635 0.04 649 3.4 44 7.8
3b 319 548 608 <0.01 365, 589 0.65 591 9.1 5.4 14.5
687
3c 323 389, 372 <0.01 38 382, 0.60 400, 10.1 - -
609 637 648

21.0x107° M in octane at room temperature. ®1.0x107> M in octane at room temperature with the excitation
light at Aaps. €1.0x107° M in 2-methyl THF at room temperature with the excitation light at Aaps. “Determined
as an absolute value with the integration sphere method. ¢1.0x10° M in 2-methylTHF at 77 K with the
excitation light at Zans. ‘Measured in the solid state with the excitation light at Zaps.
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Experimental section
General

'H, 1C, 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 Me,Si
as an internal standard. The B chemical shift values were expressed relative to BF3-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

guantum efficiencies (®@p) were determined using a Horiba FL-3018 Integrating Sphere.

Materials

All synthetic procedures were performed under Ar atmosphere. Decaborane (BigHia4), N,N-
dimethylaniline, XPhos, p-bromoethynylbenzene, toluene, diphenylamine, Pd(OAc),, t-BuOK
and xylene were purchased and used without other purification. p-Bromomethylethynylbenzene!

and p-bromo-m,m-dimethylethynylbenzene? were synthesized according to the literature.

Synthetic procedures
General synthesis of p-bromo-(o-carborane-1-yl)benzene, 2a—c

Decaborane (1.15 eq.) was dissolved in toluene (10 mL for 1.0 mmol of ethynyl derivative)
containing N,N-dimethylaniline (1.8 eq.) under Ar atmosphere. The mixture was stirred at room

temperature for 1 h, and then p-bromoethynylbenzene derivative (1a—c) (1.0 eg.) was added.



Subsequently, the mixture was refluxed for 1 d. After cooling to room temperature, insoluble
products were removed by filtration, and the solvent was evaporated. The residue was purified
by column chromatography on a silica gel (hexane/CHCI; viv = 9:1). After evaporation of

solvents, the desired product was isolated with recrystallization from CHCIls/MeOH.

2a.

White crystal (70%). *H NMR (400 MHz, CDCls): & (ppm) 7.47 (dt, 1H, J = 8.8, 2.2 Hz, Ar—
H), 7.35 (dt, 1H, J = 8.8, 2.3 Hz, Ar-H), 3.90 (s, 1H, carborane_C-H), 3.49-1.52 (br, 13H, B—
H). 3C NMR (100 MHz, CDCls): § (ppm) 132.6, 132.0, 129.2, 124.6, 75.5, 60.2. 'B NMR (128
MHz, CDCls): & (ppm) —1.3, —2.4, -3.6, —4.8, -8.2, -9.5, —10.2, —10.8, —11.4, —12.0, -13.3.

HRMS (APCI): Calcd. for CgH1sB10Br (M+Cl)-m/z 335.1034, found m/z 335.1024.

2b.

White crystal (51%).'*H NMR (400 MHz, CDCls): & (ppm) 7.52 (d, 4H, J = 2.2 Hz, Ar-H), 3.50—
1.57 (br, 13H, B-H, CH3). *C NMR (100 MHz, CDCls): & (ppm) 132.6, 132.1, 130.1, 125.5,
81.1, 77.2, 23.2. B NMR (128 MHz, CDCls): & (ppm) -2.3, -3.8, -5.1, -8.7, -9.6, -10.8.

HRMS (APCI"): Calcd. for CoH17B1oBr (M)~ m/z 314.1502, found m/z 314.1506.

2cC.

White crystal (5%).!H NMR (400 MHz, CDCls): & (ppm) 7.22 (2H, s, Ar-H), 5.06 (s, 1H,
carborane_C—H) 2.52-1.56 (br, 16H, CHs, B-H). 3C NMR (100 MHz, CDCl5): & (ppm) 139.4,
135.7, 130.7, 125.6, 122.3, 78.3, 62.8, 25.9 ppm. 1B NMR (128 MHz, CDCls): & (ppm) —1.0, —
2.5,-3.8,-8.2,-9.4,-11.8, -12.7, -14.0. HRMS (APCI"): Calcd. for C1oH19B1oBr (M+Cl) m/z

363.1347, found m/z 363.1348.



General synthesis of p-(o-carboran-1-yl)diphenylaniline, 3a—c

The xylene solution of XPhos, 2, diphenylamine, t-BuOK and Pd(OAc), was stirred at 140 °C
for 18 h under Ar atmosphere. After cooling to room temperature, the reaction was quenched by
water. The products were extracted by CHCIs, and then the organic layer was washed with water.
After drying over MgSQO., the solvent was evaporated. The residue was purified by column
chromatography on a silica gel and HPLC, and the desired product was collected by freeze

drying from a benzene solution.

3a.

White solid (9%).*H NMR (400 MHz, CDCls): & (ppm) 7.29 (s, 6H, Ar—H), 7.10 (1H, s, Ar-H),
6.90 (d, 2H, J = 9.0, Ar-H), 3.86 (s, 1H, carborane_C—H), 3.8-1.80 (br, 10H, B-H). 3C NMR
(100 MHz, CDCls): 5 (ppm) 149.4, 146.8, 129.5, 128.7, 125.5, 125.5, 124.2, 120.9, 61.0, 29.7.
1B NMR (128 MHz, CDCls): & (ppm) —1.5, -2.6, -4.5, -5.4, -8.7, -9.9, -11.3, -12.2, -13.4.

HRMS (APCI*): Calcd. for CaoH2sB1oN (M+H)* m/z 390.2996, found m/z 390.2990.

3b.

White solid (43%).*H NMR (400 MHz, CD,Cl,): & (ppm) 7.42 (d, 2H, J = 9.0 Hz, Ar-H), 7.31
(d, 4H, J = 7.9, Ar—H) 7.14-7.10 (m, 6H, Ar—H), 6.93 (d, 2H, J = 9.0, Ar-H), 3.2-1.8 (br, 10H,
B-H), 1.73 (s, 1H, CHs). 3C NMR (100 MHz, CDCls): & (ppm) 149.8, 146.6, 131.8, 129.6,
125.7,124.4,122.7, 120.3, 82.9, 77.6, 23.1, 23.1. B NMR (128 MHz, CDCl.): 5 (ppm) 4.3,
-5.4,-9.0,-10.0, -11.1. HRMS (APCI"): Calcd. for C21H26B10N (M)~m/z 402.2996, found m/z

402.3116.



3c.

White solid (4%).'H NMR (400 MHz, CD,Cl,): & (ppm) 7.45 (t, 4H, J = 7.70 Hz, Ar-H), 7.24
(t,5H, J=8.7, Ar—H) 6.83 (s, 2H, Ar-H), 5.48 (s, 1H, carborane_C—H),3.7-1.90 (br, 16H, CH3
B—H). 3C NMR (100 MHz, CD:Cly): § (ppm) 147.2, 147.1, 128.9, 134.1, 129.9, 125.8, 125.7,
124.4,92.7,80.2, 26.5, 26.4. 'B NMR (128 MHz, CD,Cl,): § (ppm)-2.1,-3.2, -4.3,-8.5, —
9.7, -11.3, -12.8, -14.1. HRMS (APCI): Calcd. for Cz2H2sB10N (M—H)  m/z 416.3152, found

m/z 416.2969.

References
1. Yates, K.; Mandrapilias, G. J. Org. Chem. 1980, 45, 3902-3906.
2. Aoki, T.; Kobayashi, Y.; Kaneko, T.; Oikawa, E.; Yamamura, Y.; Fujita, Y.; Teraguchi, M;

Nomura, R.; Masuda, T. Macromolecules 1999, 32, 79—-85.
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Chart S5. *C NMR spectrum of 2b in CDCl; at room temperature.
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Chart S13. 'H NMR spectrum of 3b in CD,Cl, at room temperature.

Chart S14. *C NMR spectrum of 3b in CD,Cl. at room temperature.
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Figure S1. Solvent dependent photoluminescence spectra of 3a (1.0 x 107> M).
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Figure S2. Variable-temperature UV—-vis absorption spectra of 3a—c in octane (1.0 x 107> M).
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Figure S3. Variable temperature photoluminescence spectra of 3a (left), 3b (center) and 3c

(right) in octane (1.0 x 107> M).
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Figure S5. Schematic intramolecular steric hindrances of (a) 3b and (b) 3c between methyl
groups and o-carborane. Cs symmetric o-carborane and the benzene ring of triphenylamine (grey
bar). Black and gray balls represent the methyl group with or without steric hindrances,

respectively.
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Figure S6. PL spectra of 3a—c in 2-methylTHF at r.t. (gray line) and 77 K (black line)

with the concentration at 1.0 x 10> M.
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Figure S8. Optimized structures of planar and twisted conformations of 3 in the ground

state. Hydrogen atoms were omitted for clarity.



Table S1. Predicted absorption transitions of 3a

Planar Twisted
excited . Acalc . Acalc
transition f transition
state (nm) (nm)
H-L
(76%) H-L
So— S1 297.00 0.4061 295.89 0.5701
H— L+1 (91%)
(12%)
H-L
(13%) H— L+1
So— S2 295.43 0.1566 292.19 0.0326
H— L+1 (88%)
(76%)
H— L+2 H— L+2
(68%) (75%)
So — S3 277.12 0.2136 275.33 0.1945
H — L+3 H— L+3
(24%) (18%)
H— L+4 H— L+4
(34%) (25%)
So — S4 256.61 0.0338 254.43 0.0321
H— L+5 H—L+5
(36%) (44%)
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Figure S9. HOMOs and LUMOs of o-carborane derivatives.



a) 3a for absorption
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Figure S10. Energy diagrams of 3a-c with different dihedral angles (¢) in a, c, €)
absorption So—S; and b, d, f) emission S1'-So' transitions. Black and gray dots mean the
calculated Sp and S; states, respectively. Black and gray circles mean the calculated So'
and S1' states, respectively.



