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a b s t r a c t

The spectroscopic and photophysical properties of 1,3-di(9-anthryl)benzene (DAB), 1,3,5-tri(9-
anthryl)benzene (TAB), and tri(9-anthryl)borane (TABO) in tetrahydrofuran were reported, together with
those of 9-phenylanthracene (MAB). Although MAB, DAB, and TAB showed structured absorption spectra
similar to the 1La band of anthracene in the wavelength region of 300–400 nm, the molar absorption coef-
ficient at the maximum wavelength of TAB was as large as ∼4.2 as compared with that of MAB. Detailed
eywords:
ri(9-anthryl)benzene
ri(9-anthryl)borane
ransition dipole moment
luorescence rate constant

analysis of the absorption data indicated that the absorption transition moment of MAB, DAB, or TAB
was 3.3, 4.3, or 6.4 D, respectively. The large absorption transition moment of TAB was discussed on the
basis of the electron density distributions in the highest-energy occupied and lowest-energy unoccupied
molecular orbitals. In contrast to TAB, TABO exhibited characteristic broad and structureless absorp-
tion and fluorescence spectra. The large differences in the spectroscopic and photophysical properties
between TAB and TABO were discussed in terms of the effects of the chemical structure of the terminal

hryl g
unit connecting three ant

. Introduction

Spectroscopic and photophysical properties of anthracene
erivatives have been studied extensively during the past decades,

n particular, those of 9- and 9,10-substituted anthracenes [1–3].
mong them, some derivatives show quite unique spectroscopic
nd photophysical characteristics. The representative example is
,9′-bianthryl, and the compound shows broad and red-shifted
uorescence in the wavelength (�) region of 370–600 nm. The
uorescence from 9,9′-bianthryl is different totally from that of
nthracene and has been assigned to intramolecular charge trans-
er (CT) fluorescence [4]. It is also known that an introduction of an
,N-dimethylanilino group at the 9-position of anthracene (i.e., 4-

9-anthryl)-N,N-dimethylaniline) gives rise to the intramolecular
T-excited state, showing the fluorescence from both locally and
T-excited states in a polar medium [5]. Although the CT-excited

tate of 4-(9-anthryl)-N,N-dimethylaniline is readily understood
y the presence of electron-donating (N,N-dimethylanilino group)
nd electron-accepting groups (anthryl group) in the molecule, CT
ature in the excited state of 9,9′-bianthryl possessing two identi-
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cal halves is quite interesting and, therefore, has been studied both
experimentally and theoretically [4]. The unique spectroscopic and
photophysical properties of 9,9′-bianthryl also suggest that those
of multi-anthryl-chromophore compounds are very interesting.

As a new class of 9-substituted anthracene, synthesis and
spectroscopic properties of 1,3,5-tri(9-anthryl)benzene (TAB) and
tri(9-anthryl)borane (TABO) were reported recently by Suzuki et
al. [6] and Yamaguchi et al. [7], respectively. As the structures are
shown in Scheme 1, three anthryl groups are linked at the 1,3,5-
positions of a benzene ring in TAB and those in TABO are connected
directly with a boron atom. Molecular orbital (MO) calculations
predict that both compounds possess propeller-like structures as
shown in Scheme 1. In the case of TABO, in practice, the X-ray crystal
structure analysis by Yamaguchi et al. [7a] and our research group
[8] have demonstrated that the three carbon–boron bonds are in
a planar configuration and the dihedral angle between the central
boron and anthryl planes is ca. 53◦. Similarly, our MO calculations
indicate that the dihedral angle between the anthryl and central
benzene planes in TAB is ca. 68◦ in average.

In addition to such structural characteristics of the compounds,
TABO exhibits quite unique spectroscopic properties [7–10], show-

ing a broad and intense absorption band at around 470 nm in
addition to a structured anthracene-like band in 330–380 nm. In
a dilute solution, furthermore, TABO exhibits broad and struc-
tureless fluorescence in 480–650 nm, which is different essentially
from the monomer fluorescence of anthracene. Our spectroscopic

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kitamura@sci.hokudai.ac.jp
dx.doi.org/10.1016/j.jphotochem.2009.01.003
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Scheme 1. Molecular structures of 1,3,5-tri(9-an

nd photophysical studies indicate that the absorption and fluo-
escence characteristics of TABO mentioned above are explained
y the intramolecular CT transition between the �-orbital of the
nthryl group and the p-orbital of the boron atom [9]. Recent exper-
mental and theoretical works by Wang et al. also support such
onclusions [10]. On the other hand, although the absorption and
uorescence maximum wavelengths of TAB in a solid phase have
een reported to be 396 and 456 nm, respectively [6], the crys-
al structure and spectroscopic/photophysical properties of TAB
ave not been reported yet. The spectroscopic and photophysical
roperties of multi-anthryl-chromophore compounds are interest-

ng as mentioned above and such a type of compounds has been
eceived current attention as light emitting materials [11], fluores-
ence sensors [12], and so forth [13]. Therefore, the spectroscopic
nd photophysical properties of TAB are worth studying and com-
aring with those of other anthracene derivatives.

In the present study, we focused our experiments on elucidat-
ng how the chemical structure connecting three anthryl groups
nfluenced the spectroscopic and photophysical properties of the

olecule: TAB (benzene ring) vs. TABO (boron atom). For this pur-
ose, we synthesized TAB and conducted X-ray crystal structure
nalysis. To pursue such a study, furthermore, 9-phenylanthracene
MAB) and 1,3-di(9-anthryl)benzene (DAB) were employed as ref-
rence compounds for TAB. In the present paper, we report the
pectroscopic and photophysical properties of MAB, DAB, TAB, and
ABO. On the basis of such an experimental study, we show that
he benzene ring or boron atom connecting three anthryl groups
n TAB or TABO, respectively, governs essentially the spectroscopic
nd photophysical characteristics of the derivative.

. Experimental

.1. Preparation of DAB and TAB
DAB and TAB were prepared by a palladium-catalyzed cross-
oupling reaction between 1,3,5-tribromobenzene and 9-
nthracene boronic acid as described below [6,14].

Into a toluene (40 mL)–ethanol (20 mL) solution of 1,3,5-tribro-
obenzene (1.0 g, 3.2 mmol, Wako Pure Chemicals Co., Ltd.)
benzene (TAB) and tri(9-anthryl)borane (TABO).

and 9-anthracene boronic acid (4.3 g, 19 mmol) [6,14a,14b]
were added an aqueous Na2CO3 solution (2 mol/L, 97 mL)
and tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 0.55 g,
0.5 mmol, Tokyo Kasei Kogyo Ltd.) under N2-gas atmosphere, and
the mixture was refluxed for 5 h under stirring. After cooling,
the mixture was extracted with chloroform and the organic layer
dried over Na2SO4 was evaporated. The crude product was purified
successively by column chromatography (silica gel, toluene:n-
hexane = 1:3, v/v) and recrystallization from toluene: yield = 29%
(colorless crystals). FD-MS m/z 606. Anal. (calcd.) for C48H30: C,
94.13 (95.01); H, 5.24 (4.98). 1H NMR (CDCl3, 270 MHz), ı (ppm):
7.48 (dt, 6H, J = 1.5 and 7.2 Hz), 7.54 (dt, 6H, J = 1.6 and 7.4 Hz), 7.75 (s,
3H), 8.05 (dd, 6H, J = 1.5 and 8.5 Hz), 8.18 (dd, 6H, J = 1.1 and 8.6 Hz),
8.50 (s, 3H).

In the course of synthetic experiments on TAB, DAB was also
obtained by the following procedures. Into an ethylene glycol
dimethyl ether (Kanto Chemical Industry Co., Ltd.) solution of 1,3,5-
tribromobenzene (0.45 g, 1.5 mmol) and 9-anthracene boronic acid
(2.0 g, 9 mmol) was added an aqueous ethanol solution (H2O
25 mL/ethanol 20 mL) of Ba(OH)2 (0.8 mol/L, Wako Pure Chemi-
cals Co., Ltd.) under stirring. The mixture was deaerated by purging
an N2-gas stream for 20 min and refluxed for 78 h in the presence
of Pd(PPh3)4 (0.60 g, 0.6 mmol). After adding 50 mL of water, the
solution was extracted with CH2Cl2 (100 mL). The organic layer sep-
arated was washed with an aqueous NaCl solution and dried over
MgSO4. Evaporation of the solvent gave DAB with TAB being a minor
product (∼2%) as judged from FD-MS. The crude product was then
washed successively with an ethyl acetate–diethyl ether mixture
(1:1, v/v) and acetone, giving DAB with the yield of ∼10% (colorless
solid). FD-MS m/z 430. Anal. (calcd.) for C34H22: C, 92.74 (94.85); H,
5.16 (5.15). 1H NMR (CDCl3, 270 MHz) ı (ppm): 7.43 (dt, 4H, J = 2.1
and 7.2 Hz), 7.47 (dt, 4H, J = 2.0 and 7.1 Hz), 7.54 (t, 1H, J = 1.6 Hz), 7.62
(dd, 2H, J = 1.5 and 7.7 Hz), 7.80 (t, 1H, J = 7.5 Hz), 7.92 (dd, 4H, J = 2.3
and 8.2 Hz), 8.04 (dd, 4H, J = 2.2 and 8.6 Hz), 8.49 (s, 2H).
Although the elemental analyses of TAB and DAB did not neces-
sarily agree with the calculated values as described above, we con-
firmed that the compounds were spectroscopically and photophys-
ically pure as judged from 1H NMR and absorption/fluorescence
spectroscopies as described in the following sections.
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.2. Other chemicals

9-Phenylanthracene (MAB, Aldrich) was purified by recrystal-
ization from toluene. Spectroscopic grade tetrahydrofuran (THF),
oluene, and acetonitrile, purchased from Wako Pure Chemicals Co.,
td., were used as supplied.

.3. Spectroscopic and photophysical measurements

Absorption and corrected fluorescence spectra were recorded
n a Hitachi U-3300 spectrophotometer and a Hitachi F-4500 spec-
rofluorometer, respectively. The fluorescence quantum yield (˚f)
f a sample solution was determined by using a cyclohexane solu-
ion of 9,10-diphenylanthracene (DPA) as a standard (˚f

ST = 0.86)
15]. For determination of the fluorescence quantum yield, the
bsorbance (A) of a sample solution at an excitation wavelength
338 nm) was set at ∼0.02 and the refractive index correction was

ade according to Eq. (1):

˚f

˚f
ST

= F

FST
× AST

A
× n2

ST

n2
(1)

here F and n represent the spectral integral in a wavenumber
cale and the refractive index of a solvent, respectively. The sub-
cript (ST) in Eq. (1) represents the value for DPA. Fluorescence
ifetime measurements were conducted by using a picosecond
ingle photon counting system reported previously: excitation
avelength = 400 nm [16]. For fluorescence spectroscopy, the

ample solution was deaerated by purging an Ar-gas stream over
0 min prior to the experiments. All the measurements were
onducted at 23 ◦C.

.4. X-ray crystallography

The X-ray structural data of TAB were collected on Mercury CCD
rea detectors coupled with Rigaku AFC-8S and AFC-7R diffrac-
ometers, respectively, by using CrystaClear (Rigaku Co.) with
raphite-monochromated Mo K� radiation (0.7107 Å). The struc-
ures were solved with a Silicon Graphics O2 computer system
y using teXsan, version 1.1 (Molecular Structure Co.). Full-matrix

east-squares refinements were employed against F2.

. Results and discussion

.1. X-ray crystal structure of TAB

Fig. 1 shows the crystal structure of TAB and, Tables 1 and 2
ummarize the crystallographic data and selected bond distances,
espectively. The X-ray crystal structure analysis demonstrates that
wo types of TAB are involved in the crystal, with the angle between
he bridging benzene plane and each anthryl � plane being dif-
erent: 86.8◦, 88.4◦, and 76.1◦ for Type-I; 78.8◦, 85.3◦, and 82.8◦

or Type-II. For both Type-I and -II, TAB possesses a propeller-
ike structure as predicted from the MO calculations as seen in
cheme 1 and Fig. 1. The dihedral angle between any of two anthryl

planes (center-to-center, ∠An–An) in TAB was ∼120◦, reflecting
3 molecular symmetry. TABO with D3 symmetry also possesses
propeller-like structure (see Scheme 1) and ∠An–An has been

eported to be ∼120◦ [7a]. Judging from the ∠An–An values, both
AB and TABO will not show an intramolecular �–� interaction
etween the anthryl groups. In the case of TABO, in practice,
o intramolecular interaction has been observed as revealed by

bsorption and fluorescence spectroscopies in both solution and
rystal phases [8,9].

TAB is structurally less crowded as compared with TABO. This
s readily understood, since three anthryl groups in TAB are linked
t the 1,3,5-positions of a benzene ring, while those in TABO are
Fig. 1. Crystal structures of TAB.

connected directly with a boron atom. In practice, the bond length
between the boron atom and carbon atom at the 9-position of the
anthryl group (C–9) in TABO has been reported to be 1.58 Å [7a],
while that between the center of the bridging benzene ring and
C–9 in TAB is 2.88 Å. In the unit cell, two Type-II TAB molecules
sit around one Type-I TAB with the distance between the Type-
I and -II anthryl groups being 4.8 Å: see Fig. 1. Although this

suggests a possibility of an intermolecular interaction between
the anthryl groups in the crystalline phase, fluorescence spec-
troscopy experiments on TAB crystals have demonstrated that
no intermolecular interaction participates between adjacent TAB
molecules.
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Table 1
The crystal structure of TAB.

Crystal-form

Formula C108H68

F.W. 1305.67
Size (mm) 0.54 × 0.50 × 0.25
T (K) 213.1
Cryst syst Triclinic
Space group P-1

Cell constant
a (Å) 13.3566(11)
b (Å) 14.4993(11)
c (Å) 19.447(2)
˛ (◦) 92.085(3)
ˇ (◦) 102.687(3)
� (◦) 101.158(3)

V (Å3) 3592.5(5)
Z 1
�calc (g/cm3) 0.660
� (cm−1) 0.403
� (Mo K�) (Å) 0.7107
R1% 0.0665
wR2% 0.1810

T, measured temperature; Z, formula units/cell; �calc, calculated den-
sity; �, linear absorption coefficient; �, radiation wavelength R1 =∑∣∣

Fo
∣ − ∣

Fc
∣∣

/
∑∣

Fo
∣

wR2 =
[∑

(
∣
Fo
∣ − ∣

Fc
∣

)2/
∑

w
∣
Fo
∣2
]1/2

.

Table 2
Selected bond distances (Å) of TAB.

Atom Atom Distance Atom Atom Distance

C(1) C(7) 1.492(3) C(4) C(55) 1.495(2)
C(3) C(21) 1.497(2) C(51) C(69) 1.488(2)
C(5) C(35) 1.492(2) C(53) C(83) 1.493(3)
C(1) C(2) 1.389(2) C(49) C(50) 1.381(2)
C(2) C(3) 1.392(3) C(50) C(51) 1.397(2)
C
C
C
C

3

a
d
a
(
D

F
c
t

Table 3
Absorption parameters of the anthracene derivatives in THF.

�a (nm) ε × 10−4/M−1 cm−1 (εrel) f � (Debye)
(3) C(4) 1.384(2) C(51) C(52) 1.388(3)
(4) C(5) 1.396(2) C(52) C(53) 1.381(2)
(5) C(6) 1.388(3) C(53) C(54) 1.390(2)
(1) C(6) 1.384(2) C(49) C(54) 1.394(3)

.2. Absorption characteristics of MAB, DAB, and TAB

Fig. 2 shows the absorption spectra of MAB, DAB, and TAB in THF,
nd the absorption parameters are summarized in Table 3. The three

erivatives showed structured absorption spectra similar to that of
nthracene (An) [1], while the absorption maximum wavelength
�a) was shifted to a longer wavelength by 9, 10, or 12 nm for MAB,
AB, or TAB, respectively, as compared with that of An (�a = 377 nm

ig. 2. Absorption spectra of MAB (black curve), DAB (blue curve), and TAB (green
urve) in THF at room temperature. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of the article.)
MAB 386 0.91(1.00) 0.13 3.3
DAB 387 1.7(1.87) 0.22 4.3
TAB 389 3.8(4.18) 0.50 6.4

in THF). The similarities of the observed absorption spectrum of
MAB, DAB, or TAB with the 1La band of An indicate that the absorp-
tion transition dipole of each derivative directs along the short axis
of the anthryl group [1]. The present data also demonstrate that the
absorption spectrum of the derivative shows a sharp envelope in the
longer-wavelength absorption edge. Therefore, no intramolecular
interaction between the anthryl groups participates in the ground
state of TAB, in good agreement with the prediction from the molec-
ular structure in Fig. 1 and Scheme 1. Furthermore, although an
introduction of a phenyl group at the 9-position of anthracene (i.e.,
MAB) gives rise to a spectral red shift from 377 (An) to 386 nm
(MAB), that of one or two anthryl group(s) to MAB results in a 1
(DAB, 387 nm) or 3 nm spectral shift (TAB, 389 nm), respectively.
Therefore, as long as the absorption spectral band shape and wave-
length are concerned, large differences in the electronic structures
are not confirmed between the three derivatives.

On the other hand, the data in Fig. 2 and Table 3 demonstrate
clearly that the molar absorption coefficient (ε) of the derivative at
�a increases with the increase in the number of the anthryl group
introduced to a benzene ring: ε = MAB < DAB < TAB. The ε value of
DAB was almost two times larger (εrel = ∼1.9 in Table 3) than that
of MAB, which was the reasonable consequence as the results of
the two anthryl groups in DAB. In the case of TAB, however, an
introduction of three anthryl groups to a benzene ring brought
about a ∼4.2-fold increase in the ε value as compared with that
of MAB, without any appreciable change in the spectral band shape
between the two derivatives: see Fig. 2. As a rough approximation,
an introduction of three anthryl groups to a benzene ring should
give rise to a threefold increase in the ε value as compared with
that of MAB. The large ε value of TAB is thus quite interesting and
worth discussing in some more detail.

The dipole moment of a given absorption transition (�̃) can be
evaluated by the absorption spectrum and the following equations
[1]:

f = 4.39 × 10−9

∫
ε d�̃ (2)

�̃ =
[

3he2f

8�2mec�̃0

]1/2

(3)

where f represents the oscillator strength of an absorption tran-
sition. The integral in Eq. (2) is the spectral integral of a given
absorption transition in a wavenumber (�̃) scale. In Eq. (3), h, e, me,
c, and �̃0 are the Planck’s constant, the electron charge, the mass
of an electron, the speed of light, and the absorption maximum
energy, respectively. The absorption spectra of the derivatives in
300–420 nm (�̃ = 33, 300–23, 800 cm−1) in Fig. 2 and Eqs. (2) and
(3) demonstrated that the �̃ value of MAB, DAB, or TAB was 3.3
(f = 0.13), 4.3 (0.22), and 6.4 D (0.50), respectively. Despite the sym-
metrical structure of TAB, the compound possesses a relatively large
�̃ value.

To understand such experimental results, we conducted molec-
ular mechanics calculations (MM2). Fig. 3 shows graphical displays

of the electron density distributions in the highest-energy occu-
pied and lowest-energy unoccupied molecular orbitals (HOMO and
LUMO, respectively) of each derivative. In the case of MAB or DAB,
the electron density almost resides on the anthryl group(s) in both
HOMO and LUMO, with the minor contribution of the density in
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the determination of ˚f is erroneous with an uncertainty in ±10%.
However, since the ˚f value of TAB is comparable with that of DPA
as mentioned above, the results in Fig. 4 demonstrate that MAB and
DAB also show intense fluorescence.
Fig. 3. Electron density distributions in

he bridging benzene ring. Similar electron density distributions in
he HOMO and LUMO to those of MAB or DAB have been reported
or several 9- and 9,10-substituted anthracenes [17]. In the case of
AB, the electron density in the HOMO distributes to both benzene
ing and three anthryl groups, while the LUMO is best characterized
y the large electron density in the two anthryl groups. This indi-
ates that TAB should accompany a relatively large dipole moment
hange upon photoexcitation from the HOMO to LUMO, while this
s not the case for MAB or DAB. The results agree very well with the
arger �̃ and f values observed for TAB as compared with those
f MAB and DAB. It has been reported that the dipole moment
hange (	�) upon photoexcitation from the ground state (�g) to
he excited state (�e: 	� = �e − �g) of 10-N,N-dimethylamino-9-
yanoanthracene as an intramolecular CT type compound is 5.4 D
17b]. The 	� value of TABO possessing the CT-excited state has
een also reported to be ∼8.0 D [9]. Therefore, the �̃ value of TAB is
s large as that of an intramolecular CT type anthracene derivative.
lthough the absorption spectral band shape of TAB is similar to

hat of MAB or DAB, TAB possesses the unique electronic structures,
ifferent from those of MAB or DAB.

.3. Fluorescence characteristics of MAB, DAB, and TAB

Fig. 4 shows the fluorescence spectra of MAB, DAB, and
AB in THF and the fluorescence parameters are listed in
able 4. Reflecting the absorption spectral red shift in the
equence of MAB < DAB < TAB, the fluorescence maximum wave-
ength (�f) was also shifted to a longer wavelength in the same

equence without appreciable change in the spectral band shape.
o intra/intermolecular interaction or excimer formation was
bserved for TAB in the concentration range of 4.9 × 10−6 to
.9 × 10−5 mol/L, which was in good agreement with the predic-
ions from the molecular structure in Fig. 1. Since the fluorescence
OMO and LUMO of MAB, DAB, and TAB.

spectra of the three compounds shown in Fig. 4 were observed
under analogous experimental conditions (see also Section 2), the
sequence of the fluorescence intensity almost corresponded to
that of the fluorescence quantum yield (˚f): MAB (0.69) < DAB
(0.71) < TAB (0.85). The ˚f value of TAB was comparable to that of
9,10-diphenylanthracene (DPA, 0.86), while that of MAB was some-
what larger than the literature value: 0.49 (ethanol) [1]. Generally,
Fig. 4. Corrected fluorescence spectra of MAB (black curve), DAB (blue curve), and
TAB (green curve) in deaerated THF at room temperature. The absorbance of the
sample solution at the excitation wavelength (338 nm) was set at ∼0.02. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Table 4
Fluorescence parameters of the anthracene derivatives in THF.

�f (nm) ˚f 
f (ns) kf (×10−8 s−1) k0
f

(×10−8 s−1) knr (×10−7 s−1)

MAB 394 0.69 7.1 0.97 0.61 4.4
D
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The knr (=2.2 × 108 s−1) [18] and kf values (=1.4 × 107 s−1) of TABO
are 10 times larger and smaller, respectively, than the relevant value
of TAB: knr = 2.2 × 107 s−1 and kf = 1.3 × 108 s−1. The absorption data
and Eq. (4) indicate that the k0

f value of TAB (2.3 × 108 s−1) agrees
AB 397 0.71 6.6
AB 400 0.85 6.8
ABOa 535 0.06 4.3

a Data compiled from Ref. [9a].

The emission from each derivative showed a single exponential
ecay with the lifetime of 
f = 7.1 (�2 = 1.13, D.W. = 1.88), 6.6 (1.02,
.01), or 6.8 ns (1.10, 1.92) for MAB, DAB, or TAB, respectively, where
2 and D.W. represent chi-squared and Durbin–Watson parameters

or the fluorescence decay fitting, respectively. The fluorescence
ifetime of MAB agrees very well with the literature value: 6.5 ns
n cyclohexane [1].

On the basis of the ˚f and 
f values, we evaluated the flu-
rescence (kf) and nonradiative decay rate constants (knr) of
he derivative by the relation of ˚f = kf/(kf + knr) = kf


f, where
nr = (kic + kisc); kic and kisc are the rate constants of internal con-
ersion to the ground state and intersystem crossing to the excited
riplet sate, respectively. Although there is no experimental evi-
ence, we suppose that intersystem crossing to the excited triplet
tate will be the major nonradiative decay path from the excited
inglet state of the derivative (i.e., kisc > kic), similar to the most of
he excited ��* singlet states of aromatic hydrocarbons [1]. The kf
nd knr values calculated are included in Table 4. It is worth empha-
izing that the kf value of MAB, DAB, or TAB (∼1 × 108 s−1) is larger
han knr ((2–4) × 107 s−1). Furthermore, the kf value increases in the
equence of MAB < DAB < TAB, and this sequence agrees with that
f the ε or ˚f value. To discuss such experimental observations, we

ntroduce the following Strickler–Berg equation:

0
f = 3.0 × 10−9�̃2

0

∫
ε d� (4)

here k0
f is the intrinsic fluorescence rate constant. On the basis of

he absorption spectral data in Fig. 2 and Eq. (4), we calculated the
0
f value of the derivative. As the data are included in Table 4, the k0

f
alues of MAB, DAB, and TAB agree well with the observed kf val-
es, demonstrating that the nonradiative decay from the excited
inglet state is a minor path as compared with the radiative pro-
ess. Furthermore, the results indicate that both absorption and
uorescence transition probabilities of the derivative increase with
he increase in the number of the anthryl group introduced to a
enzene ring. In the case of TAB, in particular, the large ε value
ave rise to intense fluorescence with ˚f = 0.85. Therefore, the char-
cteristic electron density distributions in the HOMO and LUMO
n Fig. 3 could be the origin of both absorption and fluorescence
haracteristics of TAB.

The results mentioned above suggest that 1,3,5-triarylbenzene,
aving HOMO–LUMO electron density distributions similar to
hose of TAB in Fig. 3, may also show intense fluorescence.
esides TAB, 1,3,5-tri(1-naphthyl)benzene, 1,3,5-tri(2-naphthyl)-
enzene [14a], and 1,3,5-tri(1-pyrenyl)benzene [6] have been
itherto reported. Although detailed spectroscopic and photo-
hysical studies on these compounds have not been reported,
,3,5-tri(1-pyrenyl)benzene has been suggested to show more
ntense fluorescence than TAB [6]. The present results indicate that
,3,5-triarylbenzene would be a possible candidate for an intense
uorescent material.
.4. Spectroscopic and photophysical characteristics of TAB and
ABO: a comparative study

The absorption and fluorescence spectra of TABO in THF (data
aken from Ref. [9a]) are shown in Fig. 5, together with those of
1.1 1.0 4.4
1.3 2.3 2.2
0.14 1.5 22

TAB for comparison. The absorption and fluorescence parameters
of TABO are included in Tables 3 and 4, respectively. It is very clear
from Fig. 5 that the absorption and fluorescence spectra of TABO are
different from the relevant spectrum of TAB. TABO shows a broad
and structureless absorption band at around 475 nm and a struc-
tured band in 330–400 nm. The structured absorption band of TABO
in 330–400 nm is similar to the lowest-energy absorption band of
TAB. Our previous study on electroabsorption spectroscopy indi-
cates that the absorption band of TABO at around 475 nm is ascribed
to the charge transfer transition from the �-orbital of the anthryl
group (�(An)) to the vacant p-orbital on the boron atom (p(B))
and, thus, the lowest-energy excited singlet state (S∗

1) is �(An)–p(B)
CT in nature [9b]. Contrarily, S∗

1 of TAB is the locally excited (LE)
state (i.e., ��* excited state), as judged from the fact that the com-
pound shows the 1La type absorption band as described before. The
similarities of the absorption spectrum in 330–400 nm between
TAB and TABO indicate, therefore, that the second excited singlet
state (S∗

2) of TABO is the LE state. In practice, the electroabsorption
spectrum of TABO in 330–400 nm has been explained by the LE
transition in the anthryl group without any influence of the central
boron atom [9b]. These results demonstrate clearly that the pres-
ence of the vacant p-orbital on the boron atom in TABO plays crucial
roles in determining the nature of S∗

1 (CT state) and, thus, the spec-
troscopic and photophysical properties of the molecule. This is in
marked contrast to the spectroscopic and photophysical properties
of TAB.

Reflecting the CT character in S∗
1, TABO exhibits broad and struc-

tureless fluorescence in 500–650 nm, with ˚f and 
f in THF being
0.06 and 4.3 ns, respectively: see Table 4. Although the 
f value of
TABO is comparable to that of TAB (
f = 6.8 ns), the difference in
the ˚f value between TABO (0.06) and TAB (0.85) is quite large.
This brings about very large differences in both knr and kf values
between the two compounds as the data are included in Table 3.
Fig. 5. Absorption (solid curves) and corrected fluorescence spectra (broken curves)
of TAB (green) and TABO (red) in THF at room temperature. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)
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ery well with the observed kf value (1.3 × 108 s−1) as described
efore, and is also comparable to that of TABO (k0

f = 1.5 × 108 s−1).
evertheless, the observed kf value of TABO (1.4 × 107 s−1) was
0 times smaller than k0

f . As reported previously, S∗
1 of TABO is

egenerated and, light absorption takes place to the allowed excited
inglet state, while the fluorescence process is the forbidden tran-
ition [9b]. Therefore, the kf value of TABO is observed to be much
maller than that predicted from the absorption data. Such degener-
ted CT-excited singlet states are observed for various triarylborane
erivatives owing to the presence of the vacant p-orbital on the
oron atom and D3 symmetry of the molecule [9,19]. Thus, very
eak fluorescence from TABO (˚f = 0.06) is due essentially to the

oron atom connecting three anthryl groups.
It is worth noting that the �̃ value of TAB is estimated to be 6.4 D,

hile the relevant value (	�) of TABO has been reported to be 8.0 D
9]. Owing to CT-excited state nature and 	� = 8.0 D, the fluores-
ence characteristics (�f, ˚f, and 
f) of TABO show very large solvent
olarity dependences as reported previously [9a]. As an example, a
olvent variation from toluene (dielectric constant = 2.38) to CH3CN
37.5) [20] brings about �a and �f shifts from 474 to 469 nm and
rom 521 to 538 nm, respectively. Since TAB also possesses a rela-
ively large �̃ value (∼	�, 6.4 D), the �a an �f values are expected
o show solvent polarity dependences. However, TAB showed very
mall �a/�f shifts; on going from toluene to CH3CN, �a and �f were
hifted from 390 to 387 nm and from 401 to 397 nm, respectively.
he solvent polarity dependence of TAB is similar to those of other
nthracene derivatives having the lowest-energy LE states [21,22].
herefore, the solvent dependences of the absorption and fluores-
ence characteristics of TAB and TABO will be also explained by the
ifference in nature of the excited singlet state between TAB (LE
tate) and TABO (CT-excited state).

. Conclusion

Although both TAB and TABO possess similar propeller-like
hree-dimensional structures (Scheme 1), the present results
emonstrate clearly that the chemical structure of the unit connect-

ng three anthryl groups (phenyl ring or boron atom) plays essential
oles in determining the spectroscopic and photophysical charac-
eristics of the compounds. In particular, the presence of the vacant
-orbital on the boron atom in TABO influences extraordinary the
lectronic properties in the excited state, as demonstrated by the
haracteristic absorption and fluorescence spectra. The benzene
ing as the connecting unit for three anthryl groups in TAB pro-
ides less striking effects on the spectroscopic and photophysical
roperties of the compound, as compared with the boron atom in
ABO. Owing to the LE state in nature, however, TAB shows intense
uorescence (˚f = 0.85), which is marked contrast to weak fluo-
escence from TABO (˚f = 0.06). Therefore, the spectroscopic and
hotophysical characteristics of a triaryl compound can be tuned
y the chemical structure of the linkage unit connecting three aryl
roups. The CT-excited state of a molecule will be utilized as a fluo-
escence sensor, while the LE state showing intense fluorescence
imilar to that of TAB is very advantageous for application to a
ight emitting material. Such functional molecular materials could
e designed by an appropriate choice of the chemical structure
onnecting multi-�-electron chromophores.
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