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Abstract: The photophysical properties of closo-ortho-carboranyl-based donor–acceptor dyads are
known to be affected by the electronic environment of the carborane cage but the influence of the elec-
tronic environment of the donor moiety remains unclear. Herein, four 9-phenyl-9H-carbazole-based
closo-ortho-carboranyl compounds (1F, 2P, 3M, and 4T), in which an o-carborane cage was appended
at the C3-position of a 9-phenyl-9H-carbazole moiety bearing various functional groups, were syn-
thesized and fully characterized using multinuclear nuclear magnetic resonance spectroscopy and
elemental analysis. Furthermore, the solid-state molecular structures of 1F and 4T were determined
by X-ray diffraction crystallography. For all the compounds, the lowest-energy absorption band
exhibited a tail extending to 350 nm, attributable to the spin-allowed π–π* transition of the 9-phenyl-
9H-carbazole moiety and weak intramolecular charge transfer (ICT) between the o-carborane and
the carbazole group. These compounds showed intense yellowish emission (λem = ~540 nm) in
rigid states (in tetrahydrofuran (THF) at 77 K and in films), whereas considerably weak emission
was observed in THF at 298 K. Theoretical calculations on the first excited states (S1) of the com-
pounds suggested that the strong emission bands can be assigned to the ICT transition involving the
o-carborane. Furthermore, photoluminescence experiments in THF-water mixtures demonstrated
that aggregation-induced emission was responsible for the emission in rigid states. Intriguingly,
the quantum yields and radiative decay constants in the film state were gradually enhanced with
the increasing electron-donating ability of the substituent on the 9-phenyl group (-F for 1F < -H for
2P < -CH3 for 3M < -C(CH3)3 for 4T). These features indicate that the ICT-based radiative decay
process in rigid states is affected by the electronic environment of the 9-phenyl-9H-carbazole group.
Consequently, the efficient ICT-based radiative decay of o-carboranyl compounds can be achieved by
appending the o-carborane cage with electron-rich aromatic systems.

Keywords: closo-ortho-carborane; 9H-carbazole; intramolecular charge transfer; electron-donating
group; radiative decay

1. Introduction

Over the past few decades, π-conjugated aromatic compounds bearing an icosahedral
closo-ortho-carborane (closo-o-1,2-C2B10H12) cluster have been extensively investigated [1–5]
because of their unique photophysical properties and reasonable electrochemical stabili-
ties [1,3,6–8]. Owing to these features, such o-carboranyl compounds have recently been
proposed as promising optoelectronic materials for organic light emitting diodes [7,8] and
organic thin-film transistors [9,10]. The intriguing photophysical properties of o-carboranyl
luminophores originate from the electronic donor-acceptor (D–A) dyad formed by com-
bining a π-conjugated aromatic organic fluorophore (donor) with an o-carborane (accep-
tor) [4,7–36]. The strong electron-withdrawing ability of the carbon atoms in the o-carborane
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cage, which is derived from the high polarizability of the σ-aromaticity [37–41], allows this
moiety to act as an electron acceptor during external excitation and relaxation processes.
As a result, intramolecular charge transfer (ICT) can be induced between aromatic groups
and the o-carborane cage [2,4,11–36]. The luminescence behavior of o-carborane-based D-A
dyads is characterized by the radiative decay of the ICT transition [2,4,7,8,10–36].

Recent research has shown that the ICT-based luminescence characteristics of D-A
dyads are dramatically affected by the electronic environment of the o-carborane cage.
For example, the photophysical properties are drastically altered by the deboronation
of a closo-o-carborane to give a nido-o-carborane (nest-like structure, where one boron
atom is removed from the icosahedron) [33,42–49], as the anionic character of the nido-
type structure interrupts the ICT transition [42–54]. The intrinsic differences between the
electronic properties of closo- and nido-o-carboranes have been investigated, providing
inspiration as novel molecular scaffolds for chemodosimeter materials. However, the effect
of the electronic environment of the π-conjugated aryl group itself (donor moiety) in D–A
dyads on the photophysical properties has only rarely been investigated.

Thus, to gain in-depth insight into how the electronic properties of the π-aryl group in
o-carboranyl D–A dyads influence the photophysical properties, especially the ICT-based
emission characteristics, we strategically designed and prepared four o-carboranyl com-
pounds based on 9-phenyl-9H-carbazole (Figure 1), which is a widely used N-heterocyclic
donor moiety. The o-carborane cage was appended at the C3-position of the 9H-carbazole
moiety and various functional groups (-F, -H, -CH3, and -C(CH3)3) were introduced at
the para-position of the 9-phenyl ring to modify the electronic effects. Subsequently, the
photophysical properties were examined and theoretical calculations were performed on
the ground (S0) and excited (S1) states of these compounds to determine the impact of
the electronic environment of the 9H-carbazole group on the ICT-based radiative decay
efficiencies of o-carboranyl D–A dyads.
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Figure 1. Synthetic routes for 9-phenyl-9H-carbazole-based o-carboranyl compounds (1F, 2P, 3M, and 4T). Reaction
conditions: (i) phenylacetylene, CuI, Pd(PPh3)2Cl2, toluene/NEt3 (2/1, v/v), 120 ◦C, 24 h; (ii) CuI, K3PO4, trans-1,2-
diaminocyclohexane, 1-fluoro-4-iodobenzene (for 1FA) or 1-bromo-4-tert-butylbenzene (for 4TA), 120 ◦C, 24 h; (iii) B10H14,
Et2S, toluene, 120 ◦C, 72 h.

2. Materials and Methods
2.1. General Considerations

All experiments were carried out under an inert N2 atmosphere using standard
Schlenk and glove box techniques. Anhydrous solvents (toluene and trimethylamine (NEt3);
Sigma-Aldrich) were dried by passing each solvent through an activated alumina column.
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Spectrophotometric-grade solvents (tetrahydrofuran (THF), dichloromethane (DCM), methanol
(MeOH), and n-hexane; Alfa Aesar (Haverhill, MA, USA)) were used as received. Commercial
reagents were used as received from Sigma-Aldrich (St. Louis, MO, USA) (phenylacetylene,
3-bromocarbazole, 3-bromo-9-phenyl-9H-carbazole, 3-bromo-9-(p-tolyl)-9H-carbazole, 1-fluoro-
4-iodobenzene, 1-bromo-4-tert-butylbenzene, bis(triphenylphosphine)palladium(II) dichlo-
ride (Pd(PPh3)2Cl2), copper(I) iodide (CuI), tripotassium phosphate (K3PO4), trans-1,2-
diaminocyclohexane, diethyl sulfide (Et2S), magnesium sulfate (MgSO4), and poly(methyl
methacrylate) (PMMA)) and Alfa Aesar (decaborane (B10H14)). The deuterated solvent
(dichloromethane-d2 (CD2Cl2); Cambridge Isotope Laboratories (Tewksbury, MA, USA))
was dried over activated molecular sieves (5 Å). Nuclear magnetic resonance (NMR) spec-
tra were recorded on a Bruker Avance 400 spectrometer (400.13 MHz for 1H and 1H{11B},
100.62 MHz for 13C, 376.50 MHz for 19F, and 128.38 MHz for 11B{1H}) (Bruker Corporation,
Billerica, MA, USA) at ambient temperature. Chemical shifts are given in ppm and are
referenced against external tetramethylsilane (Me4Si) (1H, 1H{11B}, and 13C), trichloroflu-
oromethane (CCl3F) (19F), and BF3·Et2O (11B{1H}). Elemental analysis was performed
on an EA3000 analyzer (Eurovector, Pavia, Italy) at the Central Laboratory of Kangwon
National University.

2.2. General Synthetic Procedure for Acetylene Precursors (CzA, 2PA, and 3MA)

The acetylene precursors (CzA, 2PA, and 3MA) were synthesized as follows using
the appropriate amounts of starting materials. Toluene and NEt3 (2/1, v/v) were added
via cannula to a mixture of bromocarbazole compound, CuI, and Pd(PPh3)2Cl2 at 25 ◦C.
After stirring the mixture for 30 min, phenylacetylene (2.0 equiv. with respect to the
bromocarbazole starting material) was added to the resulting dark brown slurry. The
reaction mixture was then refluxed at 120 ◦C for 24 h. The volatiles were removed by
rotary evaporation to afford a dark brown residue. The solid residue was purified by
column chromatography on silica gel (eluent: DCM/n-hexane = 1/9, v/v) to produce a
solid acetylene precursor.

2.2.1. Data for CzA

3-Bromocarbazole (1.2 g, 5.0 mmol), CuI (95 mg, 0.50 mmol), Pd(PPh3)2Cl2 (0.35 g,
0.50 mmol), and phenylacetylene (1.1 mL, 10 mmol) afforded CzA as a white solid.
Yield = 30% (0.40 g). 1H NMR (CD2Cl2): δ 8.29 (s, 1H, -NH), 8.27 (t, J = 2.1, 1H), 8.07
(d, J = 7.8 Hz, 1H), 7.59 (dd, J = 8.2, 4.0 Hz, 1H), 7.56 (dd, J = 7.8, 4.0 Hz, 2H), 7.46 (m, 1H),
7.43 (td, J =7.4, 2.0 Hz, 2H), 7.36 (td, J = 12.2, 4.8 Hz, 3H), 7.25 (td, J = 8.0, 1.5 Hz, 1H). 13C
NMR (CD2Cl2): δ 139.93, 139.27, 131.39, 129.39, 128.45, 127.94, 126.45, 123.87, 123.82, 123.35,
122.74, 120.42, 119.95, 113.88, 110.90, 110.87, 90.59 (acetylene-C), 87.42 (acetylene-C). Anal.
Calcd for C20H13N: C, 89.86; H, 4.90; N, 5.24. Found: C, 89.29; H, 4.58; N, 5.01.

2.2.2. Data for 2PA

3-Bromo-9-phenyl-9H-carbazole (1.6 g, 5.0 mmol), CuI (95 mg, 0.50 mmol), Pd(PPh3)2Cl2
(0.35 g, 0.50 mmol), and phenylacetylene (1.1 mL, 10 mmol) afforded 2PA as a yellow solid.
Yield = 41% (0.70 g). 1H NMR (CD2Cl2): δ 8.35 (s, 1H), 8.15 (d, J = 7.8 Hz, 1H), 7.63 (t,
J = 8.4 Hz, 2H), 7.59 (d, J = 3.6 Hz, 1H), 7.57 (t, J = 2.4 Hz, 3H), 7.56 (m, 1H), 7.50 (tt, J = 8.2,
2.4 Hz, 1H), 7.43 (dd, J = 8.0, 2.0 Hz, 1H), 7.42 (m, 1H), 7.39 (d, J = 3.4 Hz, 2H), 7.35 (m, 2H),
7.32 (td, J = 4.9, 1.4 Hz, 1H). 13C NMR (CD2Cl2): δ 141.41, 140.57, 137.21, 131.42, 130.04,
129.49, 128.47, 127.98, 127.84, 127.05, 126.55, 123.85, 123.79, 123.43, 122.83, 120.47, 120.45,
114.35, 110.04, 109.98, 90.53 (acetylene-C), 87.73 (acetylene-C). Anal. Calcd for C26H17N: C,
90.93; H, 4.99; N, 4.08. Found: C, 90.49; H, 4.67; N, 3.95.

2.2.3. Data for 3MA

3-Bromo-9-(p-tolyl)-9H-carbazole (1.2 g, 3.4 mmol), CuI (65 mg, 0.34 mmol), Pd(PPh3)2Cl2
(0.24 g, 0.34 mmol), and phenylacetylene (0.75 mL, 6.8 mmol) afforded 3MA as a yellow
solid. Yield = 27% (0.33 g). 1H NMR (CD2Cl2): δ 8.36 (s, 1H), 8.16 (d, J = 7.7 Hz, 1H), 7.60
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(d, J = 7.8 Hz, 3H), 7.43 (s, 4H), 7.41 (d, J = 1.8 Hz, 1H), 7.39 (s, 2H), 7.37 (d, J = 4.8 Hz,
2H), 7.34 (t, 4.2 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H). 2.49 (s, 3H, -CH3). 13C NMR (CD2Cl2): δ
141.59, 140.74, 137.98, 134.49, 131.45, 130.62, 129.48, 128.50, 127.99, 126.86, 126.52, 123.87,
123.35, 122.77, 120.44, 120.35, 114.22, 110.09, 110.01, 90.69 (acetylene-C), 87.74 (acetylene-C),
21.06 (-CH3). Anal. Calcd for C27H19N: C, 90.72; H, 5.36; N, 3.92. Found: C, 90.29; H, 5.10;
N, 3.77.

2.3. Synthesis of 1FA

Toluene (10.0 mL) was added via cannula to a mixture of CzA (0.30 g, 1.1 mmol), CuI
(23 mg, 0.12 mmol), K3PO4 (0.48 g, 2.2 mmol), and trans-1,2-diaminocyclohexane (14 mg,
0.12 mmol) at 25 ◦C. After stirring for 10 min, 1-fluoro-4-iodobenzene (0.13 mL, 1.1 mmol)
was added. Then, the reaction mixture was refluxed at 120 ◦C for 24 h. After cooling to
25 ◦C, the solvent was removed under vacuum to afford a dark brown crude product.
Purification through column chromatography on silica gel (eluent: DCM/n-hexane = 1/4,
v/v) gave 1FA as a white solid. Yield = 35% (0.14 g). 1H NMR (CD2Cl2): δ 8.36 (s, 1H), 8.16
(d, J = 7.8 Hz, 1H), 7.61 (q, J = 2.2 Hz, 1H), 7.60 (dd, J = 2.4, 0.8 Hz, 2H), 7.52 (q, J = 8.2 Hz,
2H), 7.44 (d, 7.8 Hz, 1H), 7.39 (d, J = 4.2 Hz, 2H), 7.36 (m, 2H), 7.32 (t, J = 4.8 Hz, 3H),
7.30 (d, J = 2.4 Hz, 1H). 13C NMR (CD2Cl2): δ 163.11, 160.65, 141.57, 140.72, 133.24, 133.21,
131.47, 129.62, 129.10, 129.01, 128.52, 128.05, 126.67, 123.93, 123.82, 123.42, 122.82, 120.60,
120.54, 117.08, 116.85, 114.54, 109.86, 109.80, 90.56 (acetylene-C), 87.88 (acetylene-C). 19F
NMR (CD2Cl2): δ −113.78. AnalAnal. Calcd for C26H16FN: C, 86.41; H, 4.46; F, 5.26; N,
3.88. Found: C, 86.20; H, 4.25; N, 3.79.

2.4. Synthesis of 4TA

A procedure analogous to that for 1FA was employed utilizing CzA (0.27 g, 1.0 mmol),
CuI (19 mg, 0.10 mmol), K3PO4 (0.42 g, 2.0 mmol), trans-1,2-diaminocyclohexane (11 mg,
0.10 mmol), and 1-bromo-4-tert-butylbenzene (0.17 mL, 1.2 mmol). Purification through
column chromatography on silica gel (eluent: DCM/n-hexane = 1/7, v/v) gave 4TA as a
white solid. Yield = 52% (0.21 g). 1H NMR (CD2Cl2): δ 8.35 (s, 1H), 8.16 (d, J = 7.7 Hz, 1H),
7.65 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.0 Hz, 3H), 7.49 (d, J = 8.3 Hz, 2H), 7.43 (t, J = 8.0 Hz, 3H),
7.39 (t, J = 8.0 Hz, 3H) 7.31 (t, J = 8.2 Hz, 1H), 1.43 (s, 9H, -C(CH3)3). 13C NMR (CD2Cl2): δ
151.32, 141.83, 141.00, 134.73, 131.73, 129.75, 128.80, 128.29, 127.27, 126.80, 124.14, 123.64,
123.05, 120.74, 120.65, 114.47, 110.45, 110.39, 90.90 (acetylene-C), 87.98 (acetylene-C), 35.09
(-C(CH3)3), 31.51 (-C(CH3)3). Anal. Calcd for C30H25N: C, 90.19; H, 6.31; N, 3.51. Found: C,
89.73; H, 6.09; N, 3.42.

2.5. General Synthetic Procedure for Carbazole-Based o-Carborane Compounds (1F, 2P, 3M,
and 4T)

To a toluene solution (50 mL) of B10H14 (1.2 equiv. with respect to the acetylene precur-
sor) and acetylene precursor (1FA, 2PA, 3MA, and 4TA) was added an excess amount of
Et2S (3.0 equiv. with respect to the acetylene precursor) at ambient temperature. After heat-
ing to reflux, the reaction mixture was stirred for a further 72 h. The solvent was removed
under vacuum and MeOH (50 mL) was added. The resulting yellow solid was filtered and
redissolved in toluene. The solution was purified by column chromatography on silica gel
(eluent: DCM/n-hexane = 1/4, v/v) to produce a white solid carborane compound.

2.5.1. Data for 1F

1FA (0.14 g, 0.39 mmol), B10H14 (57 mg, 0.47 mmol), and Et2S (0.13 mL, 1.2 mmol)
afforded 1F as a white solid. Yield = 27% (51 mg). 1H{11B} NMR (CD2Cl2): δ 8.25 (s, 1H),
8.08 (d, J = 8.0 Hz, 1H), 7.52 (td, J = 8.8, 1.2 Hz, 3H), 7.42 (q, J = 6.4 Hz, 3H), 7.27 (t, J = 8.0 Hz,
4H), 7.16 (d, J = 7.8 Hz, 1H), 7.11 (t, J = 7.9 Hz, 2H), 7.07 (d, J = 8.8 Hz, 1H), 3.46 (br s,
2H, CB-BH), 2.62 (br s, 3H, CB-BH), 2.56 (br s, 3H, CB-BH), 2.34 (br s, 2H, CB-BH). 13C
NMR (CD2Cl2): δ 163.16, 160.70, 141.77, 141.56, 132.84, 132.81, 130.91, 130.83, 130.20, 128.97,
128.89, 128.56, 128.34, 126.96, 123.34, 123.00, 122.69, 122.46, 120.76, 120.43, 117.09, 116.86,
109.97, 109.11, 87.45 (CB-C), 86.19 (CB-C). 11B{1H} NMR (CD2Cl2): δ −3.48 (br s, 3B), −9.95
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(br s, 3B), −11.65 (br s, 4B).19F NMR (CD2Cl2): δ −113.52. Anal. Calcd for C26H26B10FN: C,
65.11; H, 5.46; N, 2.92. Found: C, 64.89; H, 5.25; N, 2.81.

2.5.2. Data for 2P

2PA (0.70 g, 2.0 mmol), B10H14 (0.30 g, 2.5 mmol), and Et2S (0.66 mL, 6.1 mmol)
afforded 2P as a white solid. Yield = 34% (0.32 g). 1H{11B} NMR (CD2Cl2): δ 8.25 (d,
J = 1.9 Hz, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 8.2 Hz, 2H), 7.52 (t, J = 8.0 Hz, 2H),
7.43 (m, 5H), 7.33 (d, J = 7.8 Hz, 1H), 7.28 (t, J = 6.8 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 7.11
(t, J = 7.9 Hz, 3H), 3.46 (br s, 2H, CB-BH), 2.63 (br s, 2H, CB-BH), 2.55 (br s, 4H, CB-BH),
2.34 (br s, 2H, CB-BH). 13C NMR (CD2Cl2): δ 141.60, 130.89, 130.81, 130.18, 130.02, 128.44,
128.31, 127.96, 126.87, 126.84, 123.29, 123.01, 122.72, 122.30, 120.64, 120.36, 110.16, 109.26,
87.51 (CB-C), 86.17 (CB-C). 11B{1H} NMR (CD2Cl2): δ −3.58 (br s, 3B), −10.02 (br s, 3B),
−11.75 (br s, 4B). Anal. Calcd for C26H27B10N: C, 67.65; H, 5.90; N, 3.03. Found: C, 67.33;
H, 5.80; N, 2.89.

2.5.3. Data for 3M

3MA (0.32 g, 0.90 mmol), B10H14 (0.13 g, 1.1 mmol), and Et2S (0.29 mL, 2.7 mmol)
afforded 3M as a white solid. Yield = 44% (0.19 g). 1H{11B} NMR (CD2Cl2): δ 8.24 (s, 1H),
8.07 (d, J = 7.8 Hz, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 7.2 Hz, 1H), 7.38 (m, 3H), 7.28 (t,
J = 6.8 Hz, 4H), 7.16 (d, J = 7.4 Hz, 1H), 7.10 (t, J = 7.9 Hz, 3H), 3.45 (br s, 2H, CB-BH), 2.61
(br s, 2H, CB-BH), 2.54 (br s, 4H, CB-BH), 2.44 (s, 3H, -CH3), 2.33 (br s, 2H, CB-BH). 13C
NMR (CD2Cl2): δ 141.75, 138.15, 130.90, 130.81, 130.57, 130.17, 128.38, 128.29, 126.76, 126.66,
123.25, 122.88, 122.62, 122.12, 120.47, 120.31, 110.16, 109.25, 87.59 (CB-C), 86.17 (CB-C), 20.99
(-CH3). 11B{1H} NMR (CD2Cl2): δ −3.52 (br s, 3B), −9.91 (br s, 3B), −11.72 (br s, 4B). Anal.
Calcd for C27H29B10N: C, 68.18; H, 6.15; N, 2.94. Found: C, 68.04; H, 6.05; N, 2.88.

2.5.4. Data for 4T

4TA (0.21 g, 0.52 mmol), B10H14 (76 mg, 0.62 mmol), and Et2S (0.17 mL, 1.6 mmol)
afforded 4T as a white solid. Yield = 31% (80 mg). 1H{11B} NMR (CD2Cl2): δ 8.25 (s, 1H),
8.09 (d, J = 7.7 Hz, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 7.8 Hz, 2H), 7.49 (d, J = 7.8 Hz,
1H), 7.41 (t, J = 7.4 Hz, 1H), 7.34 (t, J = 8.2 Hz, 3H), 7.29 (t, J = 7.4 Hz, 1H), 7.19 (t, J = 7.8
Hz, 1H) 7.12 (m, 3H), 3.46 (br s, 1H, CB-BH), 2.62 (br s, 3H, CB-BH), 2.55 (br s, 4H, CB-BH),
2.33 (br s, 2H, CB-BH), 1.40 (s, 9H, -C(CH3)3). 13C NMR (CD2Cl2): δ 151.47, 142.02, 141.81,
134.35, 131.21, 131.14, 130.50, 128.68, 128.63, 127.26, 127.08, 126.59, 123.59, 123.21, 122.96,
122.44, 120.81, 120.64, 110.56, 109.64, 87.90(CB-C), 86.48(CB-C), 35.06 (-C(CH3)3), 31.45
(-C(CH3)3). 11B{1H} NMR (CD2Cl2): δ −3.74 (br s, 3B), −9.94 (br s, 3B), −11.80 (br s, 4B).
Anal. Calcd for C30H35B10N: C, 69.60; H, 6.81; N, 2.71. Found: C, 69.48; H, 6.72; N, 2.61.

2.6. UV/Vis Absorption and Photoluminescence (PL) Measurements

Solution-phase UV/Vis absorption and PL measurements for each o-carborane com-
pound were performed in degassed THF using a 1 cm quartz cuvette (30 µM) at 298 K.
PL measurements were also carried out in THF at 77 K, in THF/water mixtures, and in
the film state (5 wt% doped in PMMA on a 15 × 15 mm quartz plate (thickness = 1 mm)).
The UV−vis absorption and PL spectra were recorded on Jasco V-530 (Jasco, Easton, MD,
USA) and FluoroMax-4P spectrophotometers (HORIBA, Edison, NJ, USA), respectively.
The absolute PL quantum yields (Φem) for the THF/water mixture and film samples were
obtained using an absolute PL quantum yield spectrophotometer (FM-SPHERE, 3.2-inch
internal integrating sphere on FluoroMax-4P, HORIBA) at 298 K. Fluorescence decay life-
times of the films were measured at 298 K using a time-correlated single-photon counting
(TCSPC) spectrometer (FLS920, Edinburgh Instruments, Livingston, UK) at the Central
Laboratory of Kangwon National University. The TCSPC spectrometer was equipped with
a pulsed semiconductor diode laser excitation source (EPL, 375 ps) and a microchannel
plate photomultiplier tube (MCP-PMT, 200–850 nm) detector.
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2.7. X-ray Crystallography

Each single X-ray quality crystal of 1F and 4T was grown from a DCM/n-hexane
mixture. The single crystals were coated with Paratone oil and mounted on a glass capillary.
Crystallographic measurements were performed using a Bruker D8QUEST diffractometer
with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) and a CCD area detector.
The structures of 1F and 4T were determined by direct methods, and all non-hydrogen
atoms were subjected to anisotropic refinement with a full-matrix least-squares method
on F2 using the SHELXTL/PC software package. The X-ray crystallographic data for
1F and 4T are available in CIF format (CCDC 2,065,228 for 1F and 2,065,228 for 4T),
provided free of charge by The Cambridge Crystallographic Data Centre. Hydrogen
atoms were placed at their geometrically calculated positions and refined using a riding
model on the corresponding carbon atoms with isotropic thermal parameters. The detailed
crystallographic data are given in Tables S1 and S2.

2.8. Computational Calculations

The optimized geometries for the ground (S0) and first excited (S1) states of all the o-
carboranyl compounds in THF were obtained at the B3LYP/6-31G(d,p) [55] level of theory.
The vertical excitation energies at the optimized S0 geometries as well as the optimized
geometries of the S1 states were calculated using time-dependent density functional theory
(TD-DFT) [56] at the same level of theory. Solvent effects were evaluated using the self-
consistent reaction field (SCRF) based on the integral equation formalism of the polarizable
continuum model (IEFPCM) with THF as the solvent [57]. All geometry optimizations
were performed using the Gaussian 16 program [58]. The percent contribution of a group in
a molecule to each molecular orbital was calculated using the GaussSum 3.0 program [59].

3. Results and Discussion
3.1. Synthesis and Characterization

9-Phenyl-9H-carbazole-based o-carboranyl compounds (1F, 2P, 3M, and 4T), in which
the o-carborane cage is appended at the C3-position of the carbazole moiety, were syn-
thesized as shown in Figure 1. Sonogashira coupling reactions between phenylacety-
lene and bromocarbazole precursors (3-bromocarbazole, 3-bromo-9-phenyl-9H-carbazole,
and 3-bromo-9-(p-tolyl)-9H-carbazole) produced phenylacetylene-substituted carbazole
compounds (CzA, 2PA, and 3MA, respectively) in moderated yields (27–41%). Further,
Ullmann coupling reactions of CzA with 1-fluoro-4-iodobenzene and 1-bromo-4-tert-
butylbenzene produced acetylene precursors 1FA and 4TA, respectively, in yields of 35%
and 52%. The 9-phenyl-9H-carbazole-based o-carboranyl compounds were prepared via
cage-forming reactions with B10H14 using 1FA, 2PA, 3MA, or 4TA in the presence of Et2S
(yields of 27–44%) [60–62]. All of the precursors and prepared o-carboranyl carbazole
compounds (1F, 2P, 3M, and 4T) were fully characterized using multinuclear (1H, 1H{11B},
13C, and 11B{1H}, 19F) NMR spectroscopy (Figures S1–S15 in the Supplementary Mate-
rial) and elemental analysis. In particular, the 1H{11B} NMR spectra of the o-carboranyl
carbazole compounds exhibited resonances corresponding to the 9-phenyl-9H-carbazole
moiety and terminal phenyl groups in the region of 8.3–7.0 ppm. Further, broad singlet
peaks at 3.5–2.3 ppm (corresponding to 10 H atoms) confirmed the existence of –BH units
in the closo-o-carborane cages. Two sharp signals were observed at approximately 88 and
86 ppm in the 13C NMR spectra, which were attributed to the two carbon atoms of the closo-
o-carboranyl groups. In addition, three broad singlet peaks were observed between −3
and −12 ppm in the 11B{1H} NMR spectra of all the closo-o-carborane compounds, which
clearly confirmed the presence of the o-carborane cage. The molecular structures of 1F and
4T was also determined by X-ray crystallography (Figure 2; detailed parameters, including
selected bond length and angles, are provided in Tables S1 and S2). The crystal structures
of both 1F and 4T revealed the carbazole moiety to be perfectly planar, as evidenced by the
sum of the three C–N–C angles (∑[C–N–C] = 359.1◦ for 1F, and 359.5◦ for 4T, Table S2), which
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indicates that each N atom center is sp2 hybridized and that all the atoms in the carbazole
moiety show aromaticity.
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3.2. Experimental and Theoretical Analysis of Photophysical Properties

The photophysical properties of the 9-phenyl-9H-carbazole-based o-carboranyl com-
pounds (1F, 2P, 3M, and 4T) were investigated using UV/Vis-absorption and PL spectro-
scopies (Figure 3 and Table 1). All the compounds exhibited a low absorption band centered
at λabs = ~329 nm with a broad shoulder extending to 350 nm. This absorption band was
mainly attributed to the spin-allowed π–π* local excitation (LE) transition of the 9-phenyl-
9H-carbazole moiety, as the parent compound (9-phenyl-9H-carbazole) exhibited a similar
major absorption band in the region of λabs = 327–337 nm (Figure S16). However, TD-DFT
calculations for the S0 state of the o-carboranyl compounds suggested that this band could
also be attributed to a weak ICT transition from the carbazole moiety to the o-carborane
cage and terminal phenyl ring (vide infra). Furthermore, a strong absorption peak centered
at λabs = 279 nm was observed in the spectrum of each o-carboranyl compound, which orig-
inates from the π–π* transition of the carbazole group, as 9-phenyl-9H-carbazole showed
an absorption maximum at λabs = 284 nm (Figure S16).

To obtain insight into the origin of the electronic transitions for 1F, 2P, 3M, and
4T, TD-DFT calculations were performed on each S0-optimized structure [56]. These
calculations were based on the solid-state molecular structure of 1F and an IEFPCM was
used to include the effect of THF as the solvent [57]. The computational results for the
S0-optimized structures revealed that the major low-energy electronic transitions were
mainly associated with transitions from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) (Figure 4). The HOMO of each
compound was predominantly localized on the carbazole (>97% in each compound, Tables
S4, S6, S8, and S10), whereas the LUMO was distributed over the o-carborane (~34% in
each compound) as well the carbazole (>41%) and terminal phenyl group (>24%). These
calculation results indicate that the lowest-energy electronic transition for the carbazole-
based o-carboranyl compounds originates from both the π–π* LE transition of the appended
carbazole moiety and an ICT transition from the carbazole moiety to the o-carborane cage
and terminal phenyl ring.

The emission properties of 1F, 2P, 3M, and 4T were investigated under various con-
ditions using PL measurements (Figure 3 and Table 1). Remarkably, all the o-carboranyl
compounds exhibited very weak emission in the region of 380–420 nm in THF at 298 K,
whereas intense emission at λem = ~535 nm was observed in THF at 77 K. In comparison,
the emission of 9-phenyl-9H-carbazole was centered at λem = 361 and 377 nm (Figure S16),
which verifies that the faint emission in THF at 298 K can be attributed to an LE transition
of the 9-phenyl-9H-carbazole moiety. Furthermore, the emission of the o-carboranyl com-
pounds at 77 K was significantly red-shifted compared with that of 9-phenyl-9H-carbazole,
indicating that this transition corresponded to ICT involving the o-carborane (vide infra).
Such differences in the emission features at 298 and 77 K typically result from structural
changes being restricted in the rigid state; for example, inhibiting the elongation of the C-C
bond in the o-carborane cage is known to prevent the ICT-based radiative decay mecha-
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nism [12–14,16,23,24,33–35,63–65]. Indeed, the calculated lengths of the C-C bonds for the
o-carborane cages in the S1 state were much longer (2.39 Å for all compounds) than those
in the S0 state (~1.8 Å) as well as the experimentally measured values for 1F (1.73 Å, Table
S2) and 4T (1.74 Å) based on the X-ray crystal structures.
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Figure 3. UV-vis absorption (left) and PL spectra (right) of (a) 1F (λex = 329 nm), (b) 2P (λex = 328 nm), (c) 3M (λex = 330 nm),
and (d) 4T (λex = 333 nm). Black line: absorption spectra in THF (30 µM), blue line: PL spectra in THF (30 µM) at 298 K,
green line: PL spectra in THF (30 µM) at 77 K, and orange line: PL spectra in film (5 wt% doped in PMMA) at 298 K. Insets:
emission color in the film state under irradiation by a hand-held UV lamp (λex = 365 nm).

Table 1. Photophysical data for 9-phenyl-9H-carbazole-based o-carboranyl compounds.

Compd. λabs
1/nm

(ε × 10−3 M−1 cm−1)
λex/nm

λem/nm

THF2 77 K1 film3 f w = 90%4

1F 329 (3.5), 279 (26.1) 329 -8 541 543 552
2P 328 (4.9), 279 (30.3) 328 -8 528 545 557
3M 330 (3.2), 279 (22.2) 330 -8 544 542 559
4T 333 (3.8), 279 (30.9) 333 -8 543 549 556

Compd.
Φem

5

τobs
3/ns kr

3,6/× 108 s−1 knr
3,7/× 107 s−1

film3 f w = 90%4

1F 0.34 0.10 6.8 0.50 9.7
2P 0.44 0.20 5.9 0.75 9.5
3M 0.51 0.35 5.2 0.98 9.4
4T 0.61 0.47 4.2 1.5 9.3

130 µM in THF. 230 µM, observed at 298 K. 3Measured in the film state (5 wt% doped in PMMA). 430 µM in a THF/water mixture (1/9,
v/v), observed at 298 K. 5Absolute PL quantum yield. 6kr = Φem/τobs. 7knr = kr(1/Φem − 1). 8Not observed due to weak emission.
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The PL spectra of the four o-carboranyl compounds in the film state (5 wt% doped in
PMMA) also displayed distinct emission centered at λem = ~545 nm (Table 1), resulting in
intense yellowish emission (inset, Figure 3), as this rigid solid state restricted the elongation
of C-C bonds. Moreover, the origin of the yellow emission in the film state was investigated
by measuring the PL of the four o-carboranyl compounds in a THF–water mixture (30 µM)
(Figure 5 and Table 1). The low-energy emission centered at ~560 nm was drastically
enhanced as the water fraction increased (f w). Consequently, the most aggregated state
in THF/water (f w = 90%) exhibited intense yellowish emission (λem = 552–559 nm; inset,
Figure 5 and Table 1), similar to that observed in the film state. These observations
are characteristic of aggregation-induced emission (AIE) phenomena. Consequently, the
remarkably enhanced emission of the carbazole-based o-carboranyl compounds in the film
state could originate from a strong AIE effect as well as an increase in the efficiency of the
ICT-based radiative decay owing to structural rigidity. In addition, the absolute quantum
yields (Φem) of the four o-carboranyl compounds in the film state were more than two
times greater than those in THF/water (f w = 90%) mixtures (34% and 10% for 1F, 44% and
20% for 2P, 51% and 35% for 3M, and 61% and 47% for 4T, respectively, Table 1), which
supported the existence of ICT-based emission as well as AIE in the film state.

The calculation results for the S1-optimized structures of the o-carboranyl compounds
indicated that the major transition associated with the low-energy emission involves a
HOMO→ LUMO transition (Figure 4). The LUMO of each compound is mostly localized
on the o-carborane cage (>74%, Tables S4, S6, S8, and S10), whereas the HOMO is pre-
dominantly localized on the 9-phenyl-9H-carbazole group (>93%). These results strongly
suggest that the emission observed in the rigid states (THF at 77 K and film) mainly origi-
nates from a radiative decay process based on ICT between the o-carborane and carbazole
moieties. Consequently, the electronic transitions of each o-carboranyl compound were
precisely predicted using computational methods.

3.3. Electronic Effect on ICT-Based Radiative Decay Efficiency

The Φem and decay lifetime (τobs) of each o-carboranyl compound (1F, 2P, 3M, and
4T) in the film state were investigated to gain insight into the influence of electronic
effects on the radiative decay efficiency of the ICT transition. Intriguingly, the Φem val-
ues of the o-carboranyl compounds in the film were gradually enhanced (34% for 1F,
44% for 2P, 51% for 3M, and 55% for 4T; Table 1) as the electron-donating effect of the
substituent on the 9-phenyl ring increased (electron-donating ability: -F of 1F < -H of
2P < -CH3 of 3M < -C(CH3)3 of 4T). The τobs values for all the o-carboranyl compounds
were similar (5.2–6.8 ns) (Table 1 and Figure S17), indicating fluorescent characteristics.
A comparison of the radiative (kr; Table 1) and nonradiative (knr) decay constants of the
o-carboranyl compounds, as calculated using Φem and τobs, demonstrated a distinct differ-
ence in the efficiency of the ICT-based radiative process for each o-carboranyl compound
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in the film state. The kr values of all the o-carboranyl compounds in the film state were
enhanced (from 5.0 × 107 s−1 for 1F to 1.5 × 108 s−1 for 4T) in accordance with the in-
creasing electron-donating effect of the substituent, whereas all the knr values were similar
(9.3–9.7 × 107 s−1). This distinct trend verifies that the efficiency of the radiative decay
process corresponding to the ICT transition involving the o-carborane unit is strongly
affected by the electronic characteristics of the substituents on the 9-phenyl group of the
9H-carbazole moiety. These findings suggest that an electron-rich carbazole moiety, ob-
tained by introducing an electron-donating group, can accelerate the ICT-based radiative
decay pathway.
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4. Conclusions

Herein, we evaluated the impact of electron-donating effects on the ICT-based radia-
tive process in 9-phenyl-9H-carbazole-based o-carboranyl compounds (1F, 2P, 3M, and
4T) bearing various functional groups on the 9-phenyl group of the carbazole moiety. Al-
though the o-carboranyl compounds were weakly emissive in solution at 298 K, an intense
emission corresponding to an ICT transition involving the o-carborane unit were observed
in rigid states (in solution at 77 K and in the film state). PL measurements in THF-water
mixtures suggested that an AIE effect was also involved in the emission in the film state.
Intriguingly, a gradual increase in the Φem and kr values for the ICT-based emission of the
o-carboranyl compounds in the film state was observed as the electron-donating ability
of the substituent on the 9-phenyl group increased (-F < -H < -CH3 < -C(CH3)3). These
properties strongly indicate that the ICT-based radiative decay process in the o-carboranyl
compounds was induced by the electron-rich nature of the appended aromatic group.
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Consequently, the results of this study suggest that the electronic environment of an aryl
group linked to an o-carborane unit can control the efficiency of radiative decay processes
based on ICT transitions.

Supplementary Materials: The following are available online. 1H, 1H{11B}, 13C, and 11B{1H} NMR
spectra (Figures S1–S15), crystallographic data and parameters (Tables S1 and S2) for 1F, UV-vis
absorption and PL spectra for 9-phenyl-9H-carbazole (Figure S16), emission decay curves (Figure S17),
and computational calculation details (Figures S18–S21 and Tables S3–S18) (PDF).

Author Contributions: S.H.L., M.S.M., S.Y., and E.Y. synthesized the compounds and analyzed the
data. J.H.L. and H.H. conducted the computational study, analyzed the data, and wrote the paper.
K.M.L. analyzed all the data and wrote the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
(NRF-2016M3A7B4909246, NRF-2020R1I1A1A01073381, and NRF-2020R1A2C1006400) funded by
the Ministry of Science and ICT and the Ministry of Education.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds (1F, 2P, 3M, and 4T) are available from the authors.

References
1. Bregadze, V.I. Dicarba-closo-dodecaboranes C2B10H12 and Their Derivatives. Chem. Rev. 1992, 92, 209–223. [CrossRef]
2. Issa, F.; Kassiou, M.; Rendina, L.M. Boron in Drug Discovery: Carboranes as Unique Pharmacophores in Biologically Active

Compounds. Chem. Rev. 2011, 111, 5701–5722. [CrossRef]
3. Núñez, R.; Tarrés, M.; Ferrer-Ugalde, A.; Fabrizi de Biani, F.; Teixidor, F. Electrochemistry and Photoluminescence of Icosahedral

Carboranes, Boranes, Metallacarboranes, and Their Derivatives. Chem. Rev. 2016, 116, 14307–14378. [CrossRef] [PubMed]
4. Ochi, J.; Tanaka, K.; Chujo, Y. Recent Progress in the Development of Solid-state Luminescent o-Carboranes with Stimuli

Responsivity. Angew. Chem. Int. Ed. 2020, 59, 9841–9855. [CrossRef]
5. Poater, J.; Viñas, C.; Bennour, I.; Escayola, S.; Solà, M.; Teixidor, F. Too Persistent to Give Up: Aromaticity in Boron Clusters

Survives Radical Structural Changes. J. Am. Chem. Soc. 2020, 142, 9396–9407. [CrossRef]
6. Spokoyny, A.M.; Machan, C.W.; Clingerman, D.J.; Rosen, M.S.; Wiester, M.J.; Kennedy, R.D.; Stern, C.L.; Sarjeant, A.A.; Mirkin, C.A. A

coordination chemistry dichotomy for icosahedral carborane-based ligands. Nat. Chem. 2011, 3, 590–596. [CrossRef]
7. Wee, K.-R.; Cho, Y.-J.; Jeong, S.; Kwon, S.; Lee, J.-D.; Suh, I.-H.; Kang, S.O. Carborane-Based Optoelectronically Active Organic

Molecules: Wide Band Gap Host Materials for Blue Phosphorescence. J. Am. Chem. Soc. 2012, 134, 17982–17990. [CrossRef]
[PubMed]

8. Furue, R.; Nishimoto, T.; Park, I.S.; Lee, J.; Yasuda, T. Aggregation-Induced Delayed Fluorescence Based on Donor/Acceptor-
Tethered Janus Carborane Triads: Unique Photophysical Properties of Nondoped OLEDs. Angew. Chem. Int. Ed. 2016, 55,
7171–7175. [CrossRef]

9. Guo, J.; Liu, D.; Zhang, J.; Zhang, J.; Miao, Q.; Xie, Z. o-carborane functionalized pentacenes: Synthesis, molecular packing and
ambipolar organic thin-film transistors. Chem. Commun. 2015, 51, 12004–12007. [CrossRef] [PubMed]

10. Nar, I.; Atsay, A.; Altındal, A.; Hamuryudan, E. o-Carborane, Ferrocene, and Phthalocyanine Triad for High-Mobility Organic
Field-Effect Transistors. Inorg. Chem. 2018, 57, 2199–2208. [CrossRef]

11. Dash, B.P.; Satapathy, R.; Gaillard, E.R.; Maguire, J.A.; Hosmane, N.S. Synthesis and Properties of Carborane-Appended
C3-Symmetrical Extended π Systems. J. Am. Chem. Soc. 2010, 132, 6578–6587. [CrossRef] [PubMed]

12. Kokado, K.; Chujo, Y. Multicolor Tuning of Aggregation-Induced Emission through Substituent Variation of Diphenyl-o-carborane.
J. Org. Chem. 2011, 76, 316–319. [CrossRef]

13. Wee, K.-R.; Han, W.-S.; Cho, D.W.; Kwon, S.; Pac, C.; Kang, S.O. Carborane Photochemistry Triggered by Aryl Substitution:
Carborane-Based Dyads with Phenyl Carbazoles. Angew. Chem. Int. Ed. 2012, 51, 2677–2680. [CrossRef]

14. Weber, L.; Kahlert, J.; Brockhinke, R.; Böhling, L.; Brockhinke, A.; Stammler, H.-G.; Neumann, B.; Harder, R.A.; Fox, M.A.
Luminescence Properties of C-Diazaborolyl-ortho-Carboranes as Donor-Acceptor Systems. Chem. Eur. J. 2012, 18, 8347–8357.
[CrossRef]

15. Ferrer-Ugalde, A.; Juárez-Pérez, E.J.; Teixidor, F.; Viñas, C.; Núñez, R. Synthesis, Characterization, and Thermal Behavior of
Carboranyl-Styrene Decorated Octasilsesquioxanes: Influence of the Carborane Clusters on Photoluminescence. Chem. Eur. J.
2013, 19, 17021–17030. [CrossRef]

http://doi.org/10.1021/cr00010a002
http://doi.org/10.1021/cr2000866
http://doi.org/10.1021/acs.chemrev.6b00198
http://www.ncbi.nlm.nih.gov/pubmed/27960264
http://doi.org/10.1002/anie.201916666
http://doi.org/10.1021/jacs.0c02228
http://doi.org/10.1038/nchem.1088
http://doi.org/10.1021/ja3066623
http://www.ncbi.nlm.nih.gov/pubmed/23057809
http://doi.org/10.1002/anie.201603232
http://doi.org/10.1039/C5CC03608A
http://www.ncbi.nlm.nih.gov/pubmed/26121634
http://doi.org/10.1021/acs.inorgchem.7b03097
http://doi.org/10.1021/ja101845m
http://www.ncbi.nlm.nih.gov/pubmed/20397701
http://doi.org/10.1021/jo101999b
http://doi.org/10.1002/anie.201109069
http://doi.org/10.1002/chem.201200390
http://doi.org/10.1002/chem.201302493


Molecules 2021, 26, 1763 12 of 13

16. Wee, K.-R.; Cho, Y.-J.; Song, J.K.; Kang, S.O. Multiple Photoluminescence from 1,2-Dinaphthyl-ortho-Carborane. Angew. Chem. Int.
Ed. 2013, 52, 9682–9685. [CrossRef]

17. Ferrer-Ugalde, A.; González-Campo, A.; Viñas, C.; Rodríguez-Romero, J.; Santillan, R.; Farfán, N.; Sillanpää, R.; Sousa-Pedrares,
A.; Núñez, R.; Teixidor, F. Fluorescence of New o-Carborane Compounds with Different Fluorophores: Can it be Tuned? Chem.
Eur. J. 2014, 20, 9940–9951. [CrossRef] [PubMed]

18. Poater, J.; Solà, M.; Viñas, C.; Teixidor, F. π Aromaticity and Three-Dimensional Aromaticity: Two sides of the Same Coin? Angew.
Chem. Int. Ed. 2014, 53, 12191–12195. [CrossRef]

19. Naito, H.; Morisaki, Y.; Chujo, Y. o-Carborane-Based Anthracene: A Variety of Emission Behaviors. Angew. Chem. Int. Ed. 2015,
54, 5084–5087. [CrossRef] [PubMed]

20. Mukherjee, S.; Thilagar, P. Boron clusters in luminescent materials. Chem. Commun. 2016, 52, 1070–1093. [CrossRef]
21. Núñez, R.; Romero, I.; Teixidor, F.; Viñas, C. Icosahedral boron clusters: A perfect tool for the enhancement of polymer features.

Chem. Soc. Rev. 2016, 45, 5147–5173. [CrossRef]
22. Kirlikovali, K.O.; Axtell, J.C.; Gonzalez, A.; Phung, A.C.; Khan, S.I.; Spokoyny, A.M. Luminescent metal complexes featuring

photophysically innocent boron cluster ligands. Chem. Sci. 2016, 7, 5132–5138. [CrossRef] [PubMed]
23. Nishino, K.; Yamamoto, H.; Tanaka, K.; Chujo, Y. Development of Solid-State Emissive Materials Based on Multifunctional

o-Carborane–Pyrene Dyads. Org. Lett. 2016, 18, 4064–4067. [CrossRef] [PubMed]
24. Naito, H.; Nishino, K.; Morisaki, Y.; Tanaka, K.; Chujo, Y. Solid-State Emission of the Anthracene-o-Carborane Dyad from the

Twisted-Intramolecular Charge Transfer in the Crystalline State. Angew. Chem. Int. Ed. 2017, 56, 254–259. [CrossRef] [PubMed]
25. Naito, H.; Nishino, K.; Morisaki, Y.; Tanaka, K.; Chujo, Y. Highly-efficient solid-state emissions of anthracene–o-carborane dyads

with various substituents and their thermochromic luminescence properties. J. Mater. Chem. C 2017, 5, 10047–10054. [CrossRef]
26. Tu, D.; Leong, P.; Guo, S.; Yan, H.; Lu, C.; Zhao, Q. Highly Emissive Organic Single-Molecule White Emitters by Engineering

o-Carborane-Based Luminophores. Angew. Chem. Int. Ed. 2017, 56, 11370–11374. [CrossRef]
27. Wu, X.; Guo, J.; Cao, Y.; Zhao, J.; Jia, W.; Chen, Y.; Jia, D. Mechanically triggered reversible stepwise tricolor switching and

thermochromism of anthracene-o-carborane dyad. Chem. Sci. 2018, 9, 5270–5277. [CrossRef] [PubMed]
28. Li, J.; Yang, C.; Peng, X.; Chen, Y.; Qi, Q.; Luo, X.; Lai, W.-Y.; Huang, W. Stimuli-responsive solid-state emission from o-carborane–

tetraphenylethene dyads induced by twisted intramolecular charge transfer in the crystalline state. J. Mater. Chem. C 2018, 6,
19–28. [CrossRef]

29. Wu, X.; Guo, J.; Zhao, J.; Che, Y.; Jia, D.; Chen, Y.M. Multifunctional luminescent molecules of o-carborane-pyrene dyad/triad:
Flexible synthesis and study of the photophysical properties. Dyes Pigm. 2018, 154, 44–51. [CrossRef]

30. Marsh, A.V.; Cheetham, N.J.; Little, M.; Dyson, M.; White, A.J.P.; Beavis, P.; Warriner, C.N.; Swain, A.C.; Stavrinou, P.N.;
Heeney, M. Carborane-Induced Excimer Emission of Severely Twisted Bis-o-Carboranyl Chrysene. Angew. Chem. Int. Ed. 2018, 57,
10640–10645. [CrossRef]

31. So, H.; Kim, J.H.; Lee, J.H.; Hwang, H.; An, D.K.; Lee, K.M. Planarity of terphenyl rings possessing o-carborane cages: Turning on
intramolecular-charge-transfer-based emission. Chem. Commun. 2019, 55, 14518–14521. [CrossRef]

32. Martin, K.L.; Smith, J.N.; Young, E.R.; Carter, K.R. Synthetic Emission Tuning of Carborane-Containing Poly(dihexylfluorene)s.
Macromolecules 2019, 52, 7951–7960. [CrossRef]

33. Kim, S.; Lee, J.H.; So, H.; Ryu, J.; Lee, J.; Hwang, H.; Kim, Y.; Park, M.H.; Lee, K.M. Spirobifluorene-Based o-Carboranyl
Compounds: Insights into the Rotational Effect of Carborane Cages on Photoluminescence. Chem. Eur. J. 2020, 26, 548–557.
[CrossRef]

34. Kim, S.; Lee, J.H.; So, H.; Kim, M.; Mun, M.S.; Hwang, H.; Park, M.H.; Lee, K.M. Insights into the effects of substitution position
on the photophysics of mono-o-carborane-substituted pyrenes. Inorg. Chem. Front. 2020, 7, 2949–2959. [CrossRef]

35. Kim, M.; Ryu, C.H.; Hong, J.H.; Lee, J.H.; Hwang, H.; Lee, K.M. Planarity of N-aryl in appended 1,2,4-triazole-based o-carboranyl
luminophores: A key factor to control intramolecular charge transfer. Inorg. Chem. Front. 2020, 7, 4180–4189. [CrossRef]

36. Mun, M.S.; Ryu, C.H.; So, H.; Kim, M.; Lee, J.H.; Hwang, H.; Lee, K.M. Multiple Photoluminescence of Spiro[acridine-fluorene]-
based o-Carboranyl Compounds and Potential as a Visual Sensory Material. J. Mater. Chem. C 2020, 8, 16896–16906. [CrossRef]

37. Núñez, R.; Viñas, C.; Teixidor, F.; Sillanpää, R.; Kivekäs, R. Contribution of the o-carboranyl fragment to the chemical sta-
bility and the 31P-NMR chemical shift in closo-carboranylphosphines. Crystal structure of bis(1-yl-2-methyl-1,2-dicarba-closo-
dodecaborane)phenylphosphine. J. Organomet. Chem. 1999, 592, 22–28. [CrossRef]

38. Teixidor, F.; Núñez, R.; Viñas, C.; Sillanpää, R.; Kivekäs, R. The Distinct Effect of the o-Carboranyl Fragment: Its Influence on the
I−I Distance in R3PI2 Complexes. Angew. Chem. Int. Ed. 2000, 39, 4290–4292. [CrossRef]

39. Núñez, R.; Farràs, P.; Teixidor, F.; Viñas, C.; Sillanpää, R.; Kivekäs, R. A Discrete P···I—I···P Assembly: The Large Influence
of Weak Interactions on the 31P NMR Spectra of Phosphane–Diiodine Complexes. Angew. Chem. Int. Ed. 2006, 45, 1270–1272.
[CrossRef] [PubMed]

40. Huh, J.O.; Kim, H.; Lee, K.M.; Lee, Y.S.; Do, Y.; Lee, M.H. o-Carborane-assisted Lewis acidity enhancement of triarylboranes.
Chem. Commun. 2010, 46, 1138–1140. [CrossRef]

41. Lee, K.N.; Huh, J.O.; Kim, T.; Do, Y.; Lee, M.H. A highly Lewis acidic triarylborane bearing peripheral o-carborane cages. Dalton
Trans. 2011, 40, 11758–11764. [CrossRef]

42. Fox, M.A.; Gill, P.L.; Herbertson, P.L.; MacBride, J.A.H.; Wade, K.; Colquhoun, H.M. Deboronation of C-substituted ortho- and
meta- closo-carboranes using “wet” fluoride ion solutions. Polyhedron 1996, 15, 565–571. [CrossRef]

http://doi.org/10.1002/anie.201304321
http://doi.org/10.1002/chem.201402396
http://www.ncbi.nlm.nih.gov/pubmed/24976049
http://doi.org/10.1002/anie.201407359
http://doi.org/10.1002/anie.201500129
http://www.ncbi.nlm.nih.gov/pubmed/25729004
http://doi.org/10.1039/C5CC08213G
http://doi.org/10.1039/C6CS00159A
http://doi.org/10.1039/C6SC01146B
http://www.ncbi.nlm.nih.gov/pubmed/28191302
http://doi.org/10.1021/acs.orglett.6b01920
http://www.ncbi.nlm.nih.gov/pubmed/27471860
http://doi.org/10.1002/anie.201609656
http://www.ncbi.nlm.nih.gov/pubmed/27911472
http://doi.org/10.1039/C7TC02682J
http://doi.org/10.1002/anie.201703862
http://doi.org/10.1039/C8SC00833G
http://www.ncbi.nlm.nih.gov/pubmed/29997882
http://doi.org/10.1039/C7TC03780E
http://doi.org/10.1016/j.dyepig.2018.02.035
http://doi.org/10.1002/anie.201805967
http://doi.org/10.1039/C9CC07729D
http://doi.org/10.1021/acs.macromol.9b01325
http://doi.org/10.1002/chem.201904491
http://doi.org/10.1039/D0QI00563K
http://doi.org/10.1039/D0QI00915F
http://doi.org/10.1039/D0TC03801F
http://doi.org/10.1016/S0022-328X(99)00472-6
http://doi.org/10.1002/1521-3773(20001201)39:23&lt;4290::AID-ANIE4290&gt;3.0.CO;2-3
http://doi.org/10.1002/anie.200503007
http://www.ncbi.nlm.nih.gov/pubmed/16425338
http://doi.org/10.1039/B918263B
http://doi.org/10.1039/c1dt11064k
http://doi.org/10.1016/0277-5387(95)00297-6


Molecules 2021, 26, 1763 13 of 13

43. Yoo, J.; Hwang, J.-W.; Do, Y. Facile and Mild Deboronation of o-Carboranes Using Cesium Fluoride. Inorg. Chem. 2001, 40, 568–570.
[CrossRef]

44. Song, K.C.; Kim, H.; Lee, K.M.; Lee, Y.S.; Do, Y.; Lee, M.H. Dual sensing of fluoride ions by the o-carborane–triarylborane dyad.
Dalton Trans. 2013, 42, 2351–2354. [CrossRef]

45. You, D.K.; Lee, J.H.; Hwang, H.; Kwon, H.; Park, M.H.; Lee, K.M. Deboronation-induced ratiometric emission sensing of fluoride
by 1,3,5-tris-(o-carboranyl-methyl)benzene. Tetrahedron Lett. 2017, 58, 3246–3250. [CrossRef]

46. Nghia, N.V.; Oh, J.; Sujith, S.; Jung, J.; Lee, M.H. Tuning the photophysical properties of carboranyl luminophores by closo- to
nido-carborane conversion and application to OFF–ON fluoride sensing. Dalton Trans. 2018, 47, 17441–17449. [CrossRef]

47. Nghia, N.V.; Jana, S.; Sujith, S.; Ryu, J.Y.; Lee, J.; Lee, S.U.; Lee, M.H. Nido-Carboranes: Donors for Thermally Activated Delayed
Fluorescence. Angew. Chem. Int. Ed. 2018, 57, 12483–12488. [CrossRef]

48. So, H.; Mun, M.S.; Kim, M.; Kim, J.H.; Lee, J.H.; Hwang, H.; An, D.K.; Lee, K.M. Deboronation-Induced Ratiometric Emission
Variations of Terphenyl-Based Closo-o-Carboranyl Compounds: Applications to Fluoride-Sensing. Molecules 2020, 25, 2413.
[CrossRef] [PubMed]

49. Sujith, S.; Nam, E.B.; Lee, J.; Lee, S.U.; Lee, M.H. Enhancing the thermally activated delayed fluorescence of nido-carborane-
appended triarylboranes by steric modification of the phenylene linker. Inorg. Chem. Front. 2020, 7, 3456–3464. [CrossRef]

50. Teixidor, F.; Casabó, J.; Viñas, C.; Sanchez, E.; Escriche, L.; Kivekäs, R. Macrocycles incorporating sulfur and nido-carborane cages: Reac-
tivity toward nickel(II) and palladium(II). Molecular structures of Pd{7,8-µ-(S(CH2CH2OCH2CH2OCH2CH2OCH2CH2)S)C2B9H10}2
and Pd{P(C6H5)3}Cl{7,8-µ-(SCH2CH2S)C2B9H10}. Inorg. Chem. 1991, 30, 3053–3058. [CrossRef]

51. Teixidor, F.; Viñas, C.; Sillanpää, R.; Kivekäs, R.; Casabó, J. Nido-Carborane-Containing Compounds Resulting from the Reaction
of closo-Carboranes with Transition Metal Complexes. Inorg. Chem. 1994, 33, 2645–2650. [CrossRef]

52. Teixidor, F.; Núñez, R.; Viñas, C.; Sillanpää, R.; Kivekäs, R. Contribution of the nido-[7,8-C2B9H10]− Anion to the Chemical Stability,
Basicity, and 31P NMR Chemical Shift in nido-o- Carboranylmonophosphines. Inorg. Chem. 2001, 40, 2587–2594. [CrossRef]

53. Lerouge, F.; Ferrer-Ugalde, A.; Viñas, C.; Teixidor, F.; Sillanpää, R.; Abreu, A.; Xochitiotzi, E.; Farfán, N.; Santillan, R.; Núñez, R.
Synthesis and fluorescence emission of neutral and anionic di- and tetra-carboranyl compounds. Dalton Trans. 2011, 40, 7541–7550.
[CrossRef] [PubMed]

54. Park, M.H.; Lee, K.M.; Kim, T.; Do, Y.; Lee, M.H. Ortho-Carborane-Functionalized Luminescent Polyethylene: Potential Chemod-
osimeter for the Sensing of Nucleophilic Anions. Chem. Asian J. 2011, 6, 1362–1366. [CrossRef] [PubMed]

55. Binkley, J.S.; People, J.A.; Hehre, W.J. Self-consistent molecular orbital methods. 21. Small split-valence basis sets for first-row
elements. J. Am. Chem. Soc. 1980, 102, 939–947. [CrossRef]

56. Runge, E.; Gross, E.K.U. Density-Functional Theory for Time-Dependent Systems. Phys. Rev. Lett. 1984, 52, 997–1000. [CrossRef]
57. Miertuš, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilizaion of AB initio molecular

potentials for the prevision of solvent effects. Chem. Phys. 1981, 55, 117–129. [CrossRef]
58. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;

Petersson, G.A.; et al. Gaussian 16 Revision B.01; Gaussian. Inc.: Wallingford, CT, USA, 2016.
59. O’Boyle, N.M.; Tenderholt, A.L.; Langner, K.M. cclib: A library for package-independent computational chemistry algorithms. J.

Comp. Chem. 2008, 29, 839–845. [CrossRef]
60. Hawthorne, M.F.; Berry, T.E.; Wegner, P.A. The Electronic Properties of the 1,2- and 1,7-Dicarbaclovododecaborane(12) Groups

Bonded at Carbon. J. Am. Chem. Soc. 1965, 87, 4746–4750. [CrossRef]
61. Paxson, T.E.; Callahan, K.P.; Hawthorne, M.F. Improved synthesis of biscarborane and its precursor ethynylcarborane. Inorg.

Chem. 1973, 12, 708–709. [CrossRef]
62. Jiang, W.; Knobler, C.B.; Hawthorne, M.F. Synthesis and Structural Characterization of Bis- and Tris(closo-1,2-C2B10H11-1-yl)-

Substituted Biphenyl and Benzene. Inorg. Chem. 1996, 35, 3056–3058. [CrossRef]
63. Llop, J.; Viñas, C.; Teixidor, F.; Victori, L.; Kivekäs, R.; Sillanpää, R. C−C Plasticity in Boron Chemistry: Modulation of the Cc···Cc

Distance in Mixed Pyrrolyl/Dicarbollide Complexes. Organometallics 2001, 19, 4024–4030. [CrossRef]
64. Oliva, J.M.; Allan, N.L.; Schleyer, P.v.R.; Viñas, C.; Teixidor, F. Strikingly Long C···C Distances in 1,2-Disubstituted ortho-

Carboranes and Their Dianions. J. Am. Chem. Soc. 2005, 127, 13538–13547. [CrossRef]
65. Ferrer-Ugalde, A.; Juárez-Pérez, E.J.; Teixidor, F.; Viñas, C.; Sillanpää, R.; Pérez-Inestrosa, E.; Núñez, R. Synthesis and Characteri-

zation of New Fluorescent Styrene-Containing Carborane Derivatives: The Singular Quenching Role of a Phenyl Substituent.
Chem. Eur. J. 2012, 18, 544–553. [CrossRef] [PubMed]

http://doi.org/10.1021/ic000768k
http://doi.org/10.1039/C2DT32605A
http://doi.org/10.1016/j.tetlet.2017.07.017
http://doi.org/10.1039/C8DT03771J
http://doi.org/10.1002/anie.201806922
http://doi.org/10.3390/molecules25102413
http://www.ncbi.nlm.nih.gov/pubmed/32455846
http://doi.org/10.1039/D0QI00535E
http://doi.org/10.1021/ic00015a022
http://doi.org/10.1021/ic00090a028
http://doi.org/10.1021/ic000858p
http://doi.org/10.1039/c1dt10309a
http://www.ncbi.nlm.nih.gov/pubmed/21701761
http://doi.org/10.1002/asia.201100012
http://www.ncbi.nlm.nih.gov/pubmed/21425241
http://doi.org/10.1021/ja00523a008
http://doi.org/10.1103/PhysRevLett.52.997
http://doi.org/10.1016/0301-0104(81)85090-2
http://doi.org/10.1002/jcc.20823
http://doi.org/10.1021/ja00949a014
http://doi.org/10.1021/ic50121a050
http://doi.org/10.1021/ic951575d
http://doi.org/10.1021/om010511+
http://doi.org/10.1021/ja052091b
http://doi.org/10.1002/chem.201101881
http://www.ncbi.nlm.nih.gov/pubmed/22147538

	Introduction 
	Materials and Methods 
	General Considerations 
	General Synthetic Procedure for Acetylene Precursors (CzA, 2PA, and 3MA) 
	Data for CzA 
	Data for 2PA 
	Data for 3MA 

	Synthesis of 1FA 
	Synthesis of 4TA 
	General Synthetic Procedure for Carbazole-Based o-Carborane Compounds (1F, 2P, 3M, and 4T) 
	Data for 1F 
	Data for 2P 
	Data for 3M 
	Data for 4T 

	UV/Vis Absorption and Photoluminescence (PL) Measurements 
	X-ray Crystallography 
	Computational Calculations 

	Results and Discussion 
	Synthesis and Characterization 
	Experimental and Theoretical Analysis of Photophysical Properties 
	Electronic Effect on ICT-Based Radiative Decay Efficiency 

	Conclusions 
	References

