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o-Carborane-Based Anthracene: A Variety of Emission Behaviors**
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Abstract: An o-carborane-based anthracene was synthesized,
and single crystals, with incorporated solvent molecules, were
obtained from the CHCl3, CH2Cl2, and C6H6 solutions. The
anthracene ring in the crystal is highly distorted by the
formation of a p-stacked dimer between the anthracene units.
The crystals exhibited a variety of emission behaviors such as
aggregation-induced emission (AIE), crystallization-induced
emission (CIE), aggregation-caused quenching (ACQ), and
multichromism.

o-Carborane (C2B10H12) is a polyhedral boron cluster
compound which includes two adjacent carbon atoms in the
cluster cage.[1] The applications of carboranes for use in boron
neutron capture therapy and for heat-resistant materials have
been extensively studied because of their high boron content
and thermal and chemical stability.[1, 2] Recently, the con-
struction of p-conjugated systems including the o-carborane
moiety for applications as light-emitting materials has
received significant attention.[3, 4] Previously, we reported the
syntheses of p-conjugated compounds in which p-electron
systems were attached at the C1 and C2 positions of o-
carborane, and found that they exhibited aggregation-induced
emission (AIE).[4] The AIE properties[5] of o-carborane-based
conjugated systems are caused by intramolecular charge
transfer from the p-conjugated groups to o-carborane,[3e] and
emission results from the restricted molecular motion of the
o-carborane cage in the aggregated state or in frozen media at
77 K. To date, the synthesis and unique emission behaviors of
AIE-active o-carborane derivatives have been reported. In
addition to AIE properties, Tang and co-workers also
reported a crystallization-induced emission (CIE) property.[6]

Emission from the p-conjugated system in these molecules
can be induced efficiently in the crystal state. Generally,
luminescence properties of emissive molecules depend on the
solid state and are influenced by various factors such as
crystallinity, amorphous character, and solvent-molecule
incorporation. Appropriate control of the compounds in the
solid state leads to external stimuli-responsive luminescent
materials.[7]

From this viewpoint, we attempted to synthesize an o-
carborane-based stimuli-responsive compound. We selected
anthracene as the p-electron system because of its prominent
luminescent properties and facile functionalization.[8–10] Fur-
thermore, the luminescent colors of anthracene derivatives in
the solid state can be modified by varying their assemblies.
Herein, we report the synthesis of o-carborane-based anthra-
cene,[10] in which o-carboranes are substituted at the 9- and 10-
positions of anthracene. The structures and their unprece-
dented emission behaviors such as AIE, CIE, aggregation-
caused quenching (ACQ), thermochromism, vapochromism,
and mechanochromism are discussed in detail.

As shown in Scheme 1, the compound 3 was synthesized
from decaborane (B10H14; 1), CH3CN,[11a] and 9,10-di(phenyl-

ethynyl)anthracene (2) using AgNO3 as a Lewis acid.[11b]

Recrystallization of 3 from CHCl3 afforded the corresponding
solvent cocrystal 3·CHCl3 in 23 % yield. The compound
3·CHCl3 was stable to H2O, air, and heat in both solution and
solid states. In addition, thermogravimetric analysis (TGA) of
3·CHCl3 showed that decomposition started at approximately
340 8C under N2, as shown in Figure S19 (see the Supporting
Information). Furthermore, photoinduced dimerization of the
anthracene units in 3·CHCl3 did not occur under UV
irradiation in air. Thus, the anthracene ring is stabilized
thermodynamically and kinetically by the electron-withdraw-
ing character[12] of o-carborane and steric hindrance of the
phenyl-substituted o-carborane, respectively.

Figure 1 shows the UV-vis absorption spectra of a dilute
THF solution (1.0 � 10�5

m) of 3 and the aggregates in a THF/
H2O solution (v/v = 1/99, 1.0 � 10�5

m). Both spectra exhibited
the typical p–p* bands of the anthracene moiety at approx-
imately l = 280 and 450 nm, and that of the phenyl group at
around l = 280 nm. Figure 1 also shows the photolumines-
cence (PL) spectra of the THF solution, aggregates, and the
crystal of 3·CHCl3. The spectrum of the dilute THF solution
exhibited a weak peak at l = 650 nm which is derived from

Scheme 1. Synthesis of o-carborane-based anthracene.
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charge-transfer[3e] (CT) emission of the di(o-carboranyl)-
anthracene moiety.[13] The absolute PL quantum efficiency
(FPL) of the dilute THF solution was less than 0.01 (t = 9.2 ns,
c2 = 1.18). From the aggregates, only CT emission was
observed at l = 643 nm (Figure 1) with a slightly higher FPL

value of 0.07 (t = 8.8 ns, c2 = 1.13). The compound 3 exhibited
a broad emission peak in the same region in frozen media (2-
methyl-THF at 77 K, 1.0 � 10�5

m ; see Figure S5 in the
Supporting Information), thus indicating that the broad
peak results from the AIE which arises because of the
suppression of C�C bond vibration in the o-carborane and
that emission from the aggregates in THF/H2O (v/v 1:99) was
bathochromically shifted because of the increase in the
polarity by H2O. The most efficient emission (CIE) was
observed from the crystal of 3, with a calculated FPL value of
0.77.

To better understand the CIE properties of 3, its single
crystals were obtained from CH2Cl2 and C6H6 solutions, in
addition to a CHCl3 solution, for X-ray crystallography. As
shown in Figure 2A, the anthracene rings of two molecules of
3 form a p-stacked dimer and each solvent molecule is
incorporated into each crystal lattice (see Figures S7–S9 in the
Supporting Information). The overlapping area of two p-
stacked anthracenes were estimated as 11, 12, and 19 % for
3·CH2Cl2, 3·C6H6, and 3·CHCl3, respectively (Figure 2A). The
PL spectra of the crystals were then correlated to the
difference in the overlapping percentages and distances
between centers of anthracenes. The emission peak was
observed at a longer wavelength for crystal structures which
have a greater overlap and shorter distance between the two
anthracenes in the stacked dimer (Figure 2B).[14, 15] In contrast
to emission from solution and aggregates, CIE consisted of
two decay components (see Table S5 in the Supporting
Information), that is, anthracene stacking influenced the CT
emission, depending on the stacking distance and overlapping

percentage rather than on the solvatochromic effect by the
incorporated solvent molecules. Bathochromic shifts in the
excitation spectra were also observed, and correspond to the
overlapping percentage and distance between anthracenes
(Figure 2B).

Interestingly, distortion of the anthracene ring was
observed in the 3·solvent crystals. The ring strain was
evaluated with ring deformation angles a and b for the
central ring, as shown in Figure S10 in the Supporting
Information. The a and b values for the central rings of
anthracene in 3·CHCl3 were 21.58 and 6.48, respectively. For
comparison, the deformation angles a and b of [6]-
(9,10)anthracenophane are 24.78 and 18.58,[16a] respectively,
and those of [1,1](9,10)anthracenophane are 16.38 and
5.88,[16b] respectively.[17] Therefore, the anthracene ring in the
3·CHCl3 crystal is significantly distorted despite the fact that 3
is not a strained cyclophane compound. These large defor-
mation angles are a result of p–p interactions between the
anthracene rings and steric hindrance of the phenyl-substi-
tuted o-carboranes in the p-stacked dimer. The aromaticity of
the anthracene rings in the 3·solvent crystals was studied by

Figure 1. Absorption spectra of 3 in THF (1.0 � 10�5
m) and the

aggregates (THF/H2O v/v = 1:99 solution, 1.0 � 10�5
m). Normalized PL

spectra of 3 in THF (1.0 � 10�5
m), the aggregates (THF/H2O = 1:99

solution, 1.0 � 10�5
m), and the 3·CHCl3 crystal (excited at l = 470 nm).

Figure 2. A) Structure of p-stacked dimer and ORTEP drawings of
3·CH2Cl2, 3·C6H6, and 3·CHCl3. B) Excitation and PL spectra of
3·CH2Cl2, 3·C6H6, and 3·CHCl3 crystals. Excitation spectra were moni-
tored at 594 nm for 3·CH2Cl2, 613 nm for 3·C6H6, and 627 nm for
3·CHCl3.
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nucleus-independent chemical shifts (NICS; see Table S4)
and the results suggest that their aromaticity is maintained.

As shown in Figure 3, crystals of 3·solvent exhibited
reversible thermochromism, vapochromism, and mechano-
chromism, and PL spectra and X-ray diffraction (XRD)
patterns were measured after each step (see Figures S23–S40
in the Supporting Information). Heating the crystals at 200 8C
for 10 minutes under air resulted in the loss of solvent
molecules from the crystals, and thus changes in their
emission behavior. The loss of solvent molecules was
confirmed by TGA, differential scanning calorimetry (DSC;
see Figures S17–22 in the Supporting Information), and X-ray
fluorescence (XRF)[18] analysis. For example, 86 % of the
CH2Cl2 molecules in 3·CH2Cl2 were removed from the crystal
by heating (see Figure S41 in the Supporting Information).
Almost identical PL spectra (see Figure S12 in the Supporting
Information) and excitation spectra (Figure S15) were
observed after heating, and good FPL values were obtained
(Table S5). When the heated solids were exposed to solvent
vapor for 10 minutes in a Petri dish, the PL profile and XRD
pattern of the crystal corresponding to each solvent was
reversibly observed (see Figures S23, S24, S27, S28, S31, and
S32).

Next, the response of the to a mechanical stimulus was
monitored by PL. Scratching the crystals with a spatula or
grinding with a mortar and a pestle dramatically decreases the
FPL value (see Figure S13 and Table S5). For example, the
FPL value of 3·CH2Cl2 changed from 0.66 to 0.08. In addition,
the PL and excitation spectra for the scratched solid were
bathochromically shifted (see Figure S13 and S16, respec-
tively). The XRD pattern of 3·CH2Cl2 before scratching
exhibited sharp peaks, whereas the scratched solid exhibited
no clear signals (see Figure S26). Similar to the heated
crystals, the XRF results show that approximately 97 % of
CH2Cl2 was removed from 3·CH2Cl2 by scratching (see
Figure S41). These results suggest that the crystals of
3·CH2Cl2 become amorphous after mechanical stress-induced
loss of CH2Cl2 molecules, thus leading to the ACQ. However,

annealing the scratched solids with CH2Cl2 vapor resulted in
the PL spectrum and XRD pattern (see Figure S25 and 26,
respectively) identical to those of the original 3·CH2Cl2

crystals. This scratching and solvent annealing process could
be repeatedly carried out at least ten times (see Figure S43),
which demonstrates the robust reversible mechanochromism
of the 3·CH2Cl2 crystals. It seems that access of solvent is
relatively easy because there is sufficient space, and there are
no interactions such as p–p and CH—p interactions between
3 and solvent molecules in the crystals, according to the X-ray
crystallography.

Intrigued by the repeatability of the annealing process, we
next tested substitution of the solvent in the crystals.
Exposure of the crystals to a different solvent vapor in
a Petri dish at room temperature afforded the desired
substitution. Although the substitution time depended on
the solvent and crystal, the PL and XRD changes were
observed in all cases (see Figure S35–40).

In conclusion, o-carborane-substituted anthracene was
successfully synthesized and characterized. Single crystals
were obtained from CH2Cl2, CHCl3, and C6H6 solutions, and
each solvent molecule was incorporated into the crystals. In
the crystal, the anthracene ring was highly distorted because
of the formation of a p-stacked dimer between anthracene
units. A wide variety of emission behaviors were observed for
the crystals, including AIE, CIE, ACQ, thermochromism,
vapochromism, and mechanochromism. Based on these
results, bis(o-carborane)-substituted acenes are promising
skeletons for solid stimuli-responsive emissive materials.

Experimental Section
Decaborane (1; 1.51 g, 12.3 mmol) was dissolved in CH3CN (2.5 mL)
at room temperature under Ar atmosphere.[1a] The mixture was
stirred for 1 h at 60 8C, and then, 9,10-bis(phenylethynyl)anthracene
(2 ; 1.40 g, 3.7 mmol), AgNO3

[1b] (54 mg, 0.32 mmol), and dry toluene
(40 mL) were added. The mixture was refluxed for 3 days. After
cooling to room temperature, solvent was evaporated, and the residue

Figure 3. Thermochromism, vapochromism, and mechanochromism of the 3·solvent crystals.
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was purified by column chromatography on silica gel (n-hexane/
CH2Cl2 v/v = 3:2). After evaporation of solvent, recrystallization from
CHCl3 was carried out to afford 3·CHCl3 as a red single crystal (0.68 g,
1.10 mmol, 30% yield based on 1). 1H NMR (400 MHz, CD2Cl2): d =
8.60 (4H, dd, J = 7.08 Hz, J = 3.16 Hz, Ar-H), 7.30–7.26 (10H, m, Ar-
H), 7.06 (4H, t, J = 7.92 Hz, Ar-H), 3.2–1.6 ppm (20H, br, B-H).
13C NMR (100 MHz, CD2Cl2): d = 133.7, 132.4, 131.4, 129.9, 129.3,
126.4, 125.3, 125.1, 91.8, 88.5 ppm. 11B NMR (128 MHz, CD2Cl2): d =

�1.2, �2.3, �4.5, �5.7, �10.4, �11.5 ppm. HRMS (APCI): Calcd. for
C30H38B20 [M+H]+ m/z 619.4977, found m/z 619.4969. Single crystals
of 3·CH2Cl2 and 3·C6H6 were obtained as follows. Crystal of 3·CHCl3

(2 mg) was dissolved in CH2Cl2 or C6H6 (0.5 mL). Slow evaporation of
the solution at room temperature afforded the corresponding single
crystal 3·CH2Cl2 or 3·C6H6.

Keywords: aggregation · carboranes · crystal growth ·
luminescence · solid-state structures
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