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Spectroscopic and excited-state properties of tri-9-anthrylborane (TAB ), showing unique absorption and
fluorescence characteristics originating from p(boron)-π(anthryl group) orbital interactions, were studied in
12 solvents. Although the absorption maximum energy (νa) of TAB which appeared at around 21× 103

cm-1 (band I) was almost independent of the solvent polarity parameter,f(X) (f(X) ) (Ds - 1)/(2Ds + 1) -
(n2 - 1)/(2n2 + 1) whereDs andn represent the static dielectric constant and the refractive index of a solvent,
respectively), the fluorescence maximum energy (νf) showed a linear correlation withf(X). Thef(X) dependence
of the value ofνa - νf demonstrated that the change in the dipole moment ofTAB upon light excitation was
∼8.0 D, indicating that absorption band I was ascribed to an intramolecular charge-transfer transition in
nature. The excited electron ofTAB was thus concluded to localize primarily on the p orbital of the boron
atom. Furthermore, it was shown that the fluorescence lifetime and quantum yield ofTAB varied from 11.8
to 1.1 ns and from 0.41 to 0.02, respectively, with an increase inf(X). The present results indicated that the
nonradiative decay rate constant (knr) of TAB was influenced significantly byf(X). Excited-state decay of
TAB was understood by intramolecular back-electron (charge) transfer from the p orbital of the boron atom
to the π orbital of the anthryl group, which was discussed in terms of the energy gap dependence ofknr.
Specific solvent interactions ofTAB revealed by the present spectroscopic and photophysical studies are
also discussed.

Introduction

Boron-containingπ-conjugated systems, including their poly-
mers, are a subject of current interest because of their unique
optical and electrochemical properties,1-8 and their derivatives
are expected to play important roles in optoelectronic and LED
devices.9,10 In particular, boron systems with relatively large
π-electron chromophores show quite interesting spectroscopic
and photophysical properties.11-15 As an example, Yamaguchi
et al. have reported that tri-9-anthrylborane (TAB , see Scheme
1) in tetrahydrofuran (THF) exhibits a broad and intense
absorption band at around 470 nm (band I), in addition to a
structured anthracene-like band (band II) in the wavelength
region of 330-380 nm at room temperature.11 The compound
also shows broad and structureless fluorescence in 480-650
nm. Because dilute solutions of anthracene and its derivatives
are well-known to show structured absorption and fluorescence
spectra at around 330-380 and 380-480 nm, respectively,16

the appearance of the absorption band I and the red-shifted
fluorescence ofTAB are very interesting. According to the
theoretical calculations by Yamaguchi et al., the HOMO and
second HOMO (HOMO-1) ofTAB degenerate with each other
and are respectively localized primarily on one anthryl group
with the significant density being distributed on the adjacent
anthryl group, while the LUMO is delocalized over three anthryl
groups via the p orbital of the boron atom (Figure 3 in ref 11).
On the basis of such calculations, they concluded that band I,
observed forTAB , was attributed to the HOMO-LUMO and
HOMO-1-LUMO transitions.11

Analogous aryl-substituted main group elements (Si and P)
also exhibit very interesting absorption and fluorescence

characteristics similar toTAB .17,18 Although the photophysics
of organosilane compounds have been studied extensively,19 the
number of studies on the photophysics of boron-containing
π-electron systems is still limited, except for the reports by
Yamaguchi et al.11-15 In particular, a systematic study on the
excited-state properties of the compound such as a fluorescence
lifetime, radiative and nonradiative rate constants, and so forth
has not been explored until now. It is worth noting that the
spectroscopic properties of triarylboranes have been reported
by Ramsey20 and another research group.21 Ramsey demon-
strated that, since the lower energy shift of the absorption band
of triarylborane by a variation of theπ-electron chromophore
(aryl ) phenyl, tolyl, mesityl, or naphthyl group) correlated
linearly with the decreasing order of the ionization potential of
the aryl group, the absorption band observed for the compound
could be assigned to an intramolecular charge-transfer (CT)
transition.20

In the course of studying boron-containingπ-chromophore
systems, we found that the spectroscopic and excited-state
properties ofTAB , as a reference compound for our study,
showed marked solvent dependences. Furthermore, the fluo-
rescence lifetime and quantum yield ofTAB were also strongly
dependent on the solvent. Our experimental observations raised
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SCHEME 1: Structure of Tri-9-anthrylborane (TAB)
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the simple question of whether or not the delocalized LUMO
reported by Yamaguchi et al. explains the solvent effects on
the spectroscopic and excited-state characteristics ofTAB .
Furthermore, the spectroscopic properties of triarylboranes
reported by Ramsey are also worth comparing with those of
TAB . To obtain basic understanding of the photophysical
properties of boron-containingπ-electron systems, we studied
solvent effects on the spectroscopic/excited-state properties and
electroabsorption/electrofluorescence spectra ofTAB in polymer
films.

In this paper, we report solvent effects on the spectroscopic
and excited-state properties ofTAB in 12 solvents. Solvent
effects on the absorption and fluorescence characteristics of
TAB demonstrated that the excited-electron ofTAB was
localized on the p orbital of the boron atom [abbreviated as
p(B)] and, thus, the lowest electronic transition was best
described by electron (charge) transfer between theπ orbital
of the anthryl group [abbreviated asπ(An)] and p(B). The results
were discussed in terms of those obtained by electroabsorption/
electrofluorescence spectroscopy (i.e., Stark spectroscopy) of
TAB , reported in the next paper in this issue (Part II of the
series).22 These results also indicate that nonradiative decay from
the excited state ofTAB should be explained by intramolecular
back-electron (charge) transfer from p(B) toπ(An). The large
solvent dependence of the nonradiative decay rate constant of
TAB was then discussed in terms of the energy gap law, similar
to that reported for the metal-to-ligand charge-transfer excited
state of Ru(bpy)32+ or Os(bpy)32+ (bpy ) 2,2′-bipyridine).23

Experimental Section

Chemicals.Tri-9-anthrylborane (TAB ) was synthesized ac-
cording to the literature11 and purified successively by column
chromatography on alumina (chloroform/n-hexane) 1:1 vol
%) and repeated recrystallizations from benzene. The structure
and purity ofTAB were confirmed by1H NMR and elemental
analysis.24 Spectroscopic grade solvents were obtained from
Wako Pure Chemicals Co. Ltd. and purified by accepted
procedures, if necessary.25

Measurements.Steady-state absorption spectroscopy was
conducted with a Hitachi U-3300 spectrophotometer, and
corrected fluorescence spectra were recorded on a Hitachi
F-4500 spectrofluorometer. The fluorescence quantum yield (Φf)
of TAB was determined using Rhodamin B as a standard (Φf

) 0.65 in ethanol).26 The absorbance of a sample solution at
an excitation wavelength (385 nm) was set 0.05 and refractive
index correction was made to determineΦf in each solvent.
Fluorescence decay measurements were conducted using a
picosecond single-photon counting system.27 Knowing Φf and
the fluorescence lifetime ofTAB (τf) in each solvent, we
determined the radiative (kf) and nonradiative rate constants of
TAB (knr) according to the relationshipΦf ) kf /(kf + knr) ) kf

τf. For fluorescence spectroscopy, sample solutions were de-
aerated by purging with an Ar gas stream for 20 min.

Results

Absorption and fluorescence spectra ofTAB in several
solvents are shown in Figures 1 and 2, respectively. In THF,
TAB showed a relatively broad absorption band at a maximum
energy (νa) of 21.1 × 103 cm-1 (band I) in addition to a
structured anthracene-like absorption at (25-30) × 103 cm-1

(band II). On the other hand, the compound exhibited broad
and structureless fluorescence at a maximum energy (νf) of 18.7
× 103 cm-1. The absorption/fluorescence spectral band shapes

and their maximum energies in THF agreed very well with those
reported by Yamaguchi et al, including a weak fluorescence
shoulder at around∼18 × 103 cm-1 (∼560 nm).11 The
absorption and fluorescence parameters determined in 12
solvents are summarized in Table 1:νa, the molar absorptivity
(ε), νf, and the full-width at half-maximum (fwhm) of the
absorption or fluorescence spectrum. It is worth noting that the
broad fluorescence band ofTAB , different from monomer
fluorescence of anthracene itself, is not caused by an inter-
molecular interaction betweenTAB moelcules because these
experiments were conducted in the concentration range of∼10-6

M. Furthermore, the fluorescence is not explained by intra-
molecular excimer formation between the anthryl groups
because two of anyπ planes inTAB do not take a parallel
orientation as predicted from the X-ray structure of the
molecule.11 Therefore, both absorption band I and the fluores-
cence ofTAB are caused by the participation of p(B)-π(An)
interactions, as discussed in the following sections.

Figure 3 shows the fluorescence decay profiles ofTAB in
several solvents (monitored at the peak energy in each solvent).
Since the decay profile was fitted satisfactorily by a single
exponential function regardless of the solvent, the excited-state
lifetime (τf) of TAB and thuskf and knr could be determined
accurately. The excited-state parameters ofTAB (Φf, τf, kf, and
knr) determined in each solvent are summarized in Table 2.

The present observations demonstrated that theνa of absorp-
tion band I (∼21× 103 cm-1) or band II (∼26× 103 cm-1, the

Figure 1. Absorption spectra ofTAB in THF (black), cyclohexane
(blue), and acetonitrile (red).

Figure 2. Fluorescence spectra ofTAB in THF (black), cyclohexane
(blue), and acetonitrile (red). The inset is the spectra normalized to the
maximum intensity.
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data are not shown here) was almost independent of solvent,
while the ε and fwhm values of each absorption band varied
marginally with a medium, except for the relatively smallε value
in 1-butanol or ethanol as compared to those in other solvents.
On the other hand, theνf and fwhm values of the fluorescence
spectrum were influenced significantly by the solvent (Table 1
and Figure 2). As a typical example, a variation of the medium
from cyclohexane to CH3CN resulted in a change inνf (fwhm)
from 19.5 × 103 (2270) to 18.6× 103 cm-1 (3370 cm-1).
Furthermore, the large solvent effects on the fluorescence
spectrum accompanied those onΦf andτf. Namely, the lower-
energy shift of the fluorescence spectrum on changing from
cyclohexane to CH3CN resulted in large decreases in bothΦf

(0.41-0.02) andτf (11.8-1.1 ns).

Table 1 includes the following representative solvent proper-
ties: static dielectric constant (Ds), refractive index (n), and
viscosity (η).28 It is clear from Tables 1 and 2 that the solvent
dependences of the spectroscopic and excited-state properties
of TAB are correlated well with the solvent polarity parameter
(Ds or n), but not withη. In the following sections, therefore,
we focus our discussion on the solvent polarity dependences of
the observed data.

Discussion

Solvent Polarity Dependences of the Absorption and
Fluorescence Spectra.It is well-known that solvent polarity
effects on the spectroscopic properties of a molecule are
described by contributions fromDs andn of a solvent, where
Ds and n (n2, is the optical dielectric constant) are related to
dipole orientation and electronic polarizability of a solvent
molecule, respectively.29 To discuss such contributions, the
following solvent polarity parameter,f(X), is in general em-
ployed, eq 129

Figure 4 shows thef(X) dependences ofνa (band I) andνf, where
the numbers indicated in the figure correspond to those in Table
1. As described in the previous section, it is clear thatνa (shown
by black) is almost independent off(X). Although the data were
not shown here, theνa of band II was also insensitive tof(X).

TABLE 1: Spectroscopic Properties of TAB at 25°C
absorption fluorescence solvent parametersa

no. solvent
νa

×103 cm-1
ε (log ε)

×104 M-1 cm-1
fwhm
cm-1

νf

×103 cm-1
fwhm
cm-1 f(X) Ds n

η
cP

1 cyclohexane 21.3 2.11 (4.32) 2260 19.5 2270 -0.001 2.02 1.423 0.898
2 toluene 21.1 2.31 (4.36) 2410 19.2 2170 0.013 2.38 1.494 0.552
3 propionic acid 21.3 1.66 (4.22) 2430 19.1 2400 0.119 3.44 1.384 0.958
4 chloroform 21.2 2.12 (4.33) 2460 18.9 2470 0.147 4.81 1.443 0.514
5 ethyl acetate 21.3 1.84 (4.27) 2450 19.0 2660 0.200 6.02 1.370 0.426
6 tetrahydrofuran 21.2 2.14 (4.33) 2480 18.7 2980 0.210 7.58 1.405 0.460
7 dichloromethane 21.2 1.94 (4.29) 2370 18.7 2790 0.217 8.93 1.421 0.393
8 1,2-dichloroethane 21.2 1.86 (4.27) 2590 18.6 3140 0.221 10.4 1.442 0.730
9 1-butanol 21.3 1.12 (4.05) 2450 18.9 2820 0.264 17.5 1.397 2.271
10 acetone 21.3 2.06 (4.32) 2500 18.6 2750 0.284 20.7 1.356 0.304
11 ethanol 21.3 1.01 (4.00) 2570 18.9 3200 0.289 24.6 1.359 1.078
12 acetonitrile 21.3 2.10 (4.32) 2460 18.6 3370 0.305 37.5 1.342 0.325

a Data taken from ref 28.

Figure 3. Fluorescence decay profiles ofTAB in cyclohexane (blue),
toluene (green), THF (black), and acetonitrile (red). IRF represents the
instrumental response.

TABLE 2: Excited-State Properties of TAB at 25 °C

no. solvent Φf

τf

ns
kf

×107 s-1
knr (ln knr)
×108 s-1

1 cyclohexane 0.41 11.8 3.5 0.5 (17.7)
2 toluene 0.17 7.2 2.4 1.2 (18.6)
3 propionic acid 0.09 4.3 2.1 2.1 (19.1)
4 chloroform 0.05 3.2 1.6 3.0 (19.5)
5 ethyl acetate 0.07 3.5 2.0 2.7 (19.4)
6 tetrahydrofuran 0.06 4.3 1.4 2.2 (19.2)
7 dichloromethane 0.02 2.3 0.9 4.2 (19.9)
8 1,2-dichloroethane 0.03 1.8 1.7 5.5 (20.1)
9 1-butanol 0.04 2.0 2.0 4.8 (20.0)
10 acetone 0.02 1.6 1.2 6.0 (20.2)
11 ethanol 0.05 1.6 3.1 5.8 (20.2)
12 acetonitrile 0.02 1.1 1.8 8.7 (20.6)

Figure 4. Solvent polarity parameter [f(X)] dependences of the
absorption (νa shown in black) and fluorescence maximum energies
(νf shown in red). The numbers inserted in the figure correspond to
those in Table 1.

f(X) )
Ds - 1

2Ds + 1
+ n2 - 1

2n2 + 1
(1)
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On the other hand, Table 1 demonstrates that theε value is
dependent on a solvent [(1.01-2.31) × 104 M-1 cm-1]. In
particular, the values in 1-butanol (1.12× 104 M-1 cm-1) and
ethanol (1.01× 104 M-1 cm-1) were very small compared to
those in other solvents, and the value in propionic acid (1.66×
104 M-1 cm-1) was also somewhat smaller than those in the
aprotic solvents. Such a large variation ofε with f(X) suggests
HOMO-LUMO overlap inTAB . It has been reported that the
extent of the HOMO-LUMO overlap is dependent on the
degree of steric hindrance in triarylborane; theε values of
triphenylborane and trimesitylborane are 3.6× 104 and 1.6×
104 M-1 cm-1, respectively; the value is smaller for the
compound with bulkier aryl groups.20 Although the fwhm of
the spectrum also varied slightly with a solvent (2260-2570
cm-1), we could not confirm one-to-one correspondence
between the variations inε and fwhm. Organoborane derivatives
are, in general, unstable in a protic solvent and water, suggesting
direct interactions of the solvent with p(B). The very smallε

values in 1-butanol and ethanol as compared to those in other
solvents would therefore be the result of specific interactions
of the alcohol (and propionic acid) withTAB . In the other nine
solvents, the marginalf(X) dependence ofε can be attributed
to the variation of the conformation ofTAB (i.e., the extent of
the HOMO-LUMO overlap (discussed later).

Figure 4 demonstrates that theνf value (shown in red)
decreases with an increase inf(X): the slope value) -2850
cm-1 and the correlation coefficient (r) ) 0.72 for 12 solvents.
The slope of the plot suggests that the radiative process ofTAB
accompanies a relatively large dipole moment change. It is well-
known that the electric dipole moment change upon an electronic
transition,∆µ () µg - µe, whereµg andµe represent the dipole
moments of a molecule in the ground and excited states,
respectively), can be estimated on the basis of the data in Figure
4 and the following equation30-32

whereh, c, a, andA represent the Planck’s constant, the speed
of light, the radius ofTAB (Onsager radius, assumed to be 9.0
Å), and a constant, respectively. As can be seen from the data
shown in Figure 5, we obtained a good linear relationship
betweenνa - νf andf(X), with the data in 1-butanol and ethanol
(nos. 9 and 11) being deviated from the linear relationship. For
the calculation of the slope of the plot, we omitted these data
because specific interactions betweenTAB and the alcohols
were suggested as described before. The slope value was then

calculated to be 3070 cm-1 (r ) 0.97), and this gave a∆µ value
of ∼8.0 D. Becauseνa is almost independent off(X), µe should
be responsible for large∆µ (µe ≈ ∆µ). As described in detail
in Part II of this series,22 Stark spectroscopy provides direct
information about∆µ. The ∆µ value determined forTAB by
Stark spectroscopy was 7.8 D, which agreed very well with the
present observation. Therefore, we conclude that∆µ of TAB
is 7.8-8.0 D. It is worth emphasizing that the∆µ value ofTAB
is as large as that of an intramolecular charge-transfer-type
compound. As an example,∆µ of 4-amino-4′-nitrobiphenyl has
been reported to be 12 D.30,32 Although the large∆µ value of
4-amino-4′-nitrobiphenyl can be readily understood because of
the presence of the donor and acceptor groups along the long
axis of a biphenyl backbone, that of structurally symmetrical
TAB is extraordinary.

Solvent effects on the fluorescence spectrum of a boron-
containingπ-conjugated system have been already reported.12,15

In particular, it has been demonstrated that dibenzoborole-
containingπ-electron systems (DB, see Scheme 2) show large
solvent effects on the fluorescence spectrum.15 TheDB deriva-
tives display fluorescence maxima at around 560-580 nm in
THF, while the spectrum shifts to the shorter wavelength (420-
480 nm) in a donor solvent such as CH3CN, N,N-dimethyl-
formamide, orN,N-dimethylacetamide. The results were ex-
plained by coordination of the donor solvent to p(B), which
prevented delocalization of the electron in the LUMO (blue shift
of the spectrum). In the excited state ofTAB , we suppose that
a solvent molecule interacts more or less with p(B). Neverthe-
less, theνf value ofTAB showed the lower-energy shift with a
variation of the solvent from THF to CH3CN, which was
opposite to the solvent shift observed forDB. Although we are
not certain about the differences in the solvent shift of the
fluorescence spectrum betweenTAB and DB, one possible
explanation might be the crowding around p(B); it is more
crowded forTAB which prevents direct and strong coordination
of a solvent molecule to p(B) (see Schemes 1 and 2). The above
discussions indicate that, although the solvent effects on the
fluorescence characteristics ofDB are very specific, the linear
relationship in Figure 5, except for the data in 1-butanol and
ethanol, indicates that the spectroscopic properties ofTAB
should be discussed as common solvent effects without specific
solute-solvent interactions (see the next section).

It is worth pointing out that the∆µ value ofTAB (7.8-8.0
D) indicates that the excited state is not explained by the
delocalized LUMO.11 If the LUMO is delocalized overTAB
via p(B), such a large∆µ would not be expected because of
the symmetrical structure of the compound. The present results
indicate, therefore, that the excited state ofTAB is localized
on p(B). In practice, our theoretical considerations indicated that
the lowest-singlet excited state ofTAB was charge transfer (CT)
in origin and the amount of the charge transferred (q) from
π(An) to p(B) was estimated to be as large asq ≈ 1.0.22 These

Figure 5. Solvent polarity parameter [f(X)] dependence of the Stokes
shift (νa - νf). The numbers inserted in the figure correspond to those
in Table 1.

SCHEME 2: Structure of a Dibenzoborole-Containing
π-Electron System (DB), where Ar Represents an
Aromatic or Heteroaromatic Ring

(νa - νf) = 2∆µ2

hca3
f(X) + A (2)
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theoretical considerations agree satisfactorily with the experi-
mental results in Figure 5 as well as with the electroabsorption/
electrofluorescence spectra ofTAB (i.e., ∆µ ) 7.8 D).22

Absorption band I and the fluorescence observed forTAB are
thus essentially attributed to the CT transition. The results also
agree with the old works by Ramsey and another research
group.20,21

On the other hand, it has been reported that anthryldimesityl-
borane (An(mes)2B, two anthryl groups inTAB are replaced
by mesityl groups) in THF shows aνa much higher in energy
(23.8× 103 cm-1, 420 nm) than that ofTAB (21.2× 103 cm-1,
470 nm).13 Our preliminary experiments on the effects of the
solvent on the absorption and fluorescence spectra of An(mes)2B
indicated that theµe value of the molecule was∼7.0 D, which
was comparable to that ofTAB . Therefore, we think that the
LUMO of An(mes)2B is also localized on p(B), as inTAB .
However, the lowerνa value of TAB , compared to that of
An(mes)2B, suggests an electronic interaction between the
anthryl groups inTAB . When one assumes that the oxidation
(Ep

ox) and reduction potentials (Ep
red) of a molecule correspond

to the HOMO and LUMO energies, respectively, the HOMO-
LUMO energy gap (∆E ) Ep

ox - Ep
red) of TAB or An(mes)2B

is calculated to be∆E ) 2.70 or 2.92 V, respectively:Ep
ox )

1.36 andEp
red ) -1.34 V for TAB andEp

ox ) 1.30 andEp
red

) -1.62 V for An(mes)2B (vs SCE inN,N-dimethylformamide,
0.1 M n-Bu4NPF6).33 The ∆E values agree very well with the
νa values ofTAB (21.2× 103 cm-1 ) 2.63 eV) and An(mes)2B
(23.8× 103 cm-1 ) 2.95 eV). Since the behavior is very similar
to the metal-to-ligand charge-transfer (MLCT) transition in poly-
pyridine Ru2+ complexes,34,35 the results also support electron
transfer fromπ(An) to p(B) in the excited state ofTAB or
An(mes)2B. However, because theEp

ox value ofTAB is almost
comparable with that of An(mes)2B, the difference inνa and,
thus∆E, between the two compounds is responsible for that in
Ep

red (LUMO energy). Therefore, the electronic interactions,
excited-state energy hopping (i.e., hole hopping), or both
between the anthryl groups would also play a role, partly, in
determining the LUMO energy ofTAB . Although further
theoretical studies are needed to reveal the explicit origins of
the HOMO and LUMO of TAB , the present experiments
indicate that the excited state ofTAB is best described by the
localized LUMO, while the electronic interactions between the
anthryl groups contribute to the excited state to some extent.

Solvent Polarity Dependences of the Excited-State Proper-
ties. With an increase inf(X) from -0.001 (cyclohexane) to
0.305 (CH3CN), the Φf or τf value decreased by a factor of
∼20 (0.41-0.02) or ∼10 (11.8-1.1 ns), respectively (Table
2). Such large solvent dependences of the excited-state properties
will be very characteristic toTAB with the excited state being
localized on p(B) withq ≈ 1.0. A close inspection of Table 2
indicates that thekf value is in the range of (0.9-3.5) × 107

s-1, while knr varies from 0.5× 108 to 8.7× 108 s-1 with f(X).
Thus, the major influence off(X) on the excited state ofTAB
is that onknr. The above discussions indicate that nonradiative
decay from the excited state ofTAB is associated with
intramolecular back-electron transfer from p(B) toπ(An). This
situation is very similar to nonradiative decay from the MLCT
excited state of Ru(bpy)3

2+ or Os(bpy)32+, in which nonradiative
decay is associated with back-electron transfer from theπ*
orbital of the ligand to the metal t2g orbital.36 So far, the solvent
effects on theknr of Ru(bpy)32+ have been discussed in terms
of the energy gap law by Meyer and co-workers; lnknr was
shown to be correlated linearly with the energy gap between
the ground and excited states of the complex (Eem).23

The essence of the energy gap dependence of lnknr is given
by eq 323

whereω is the angular frequency of the vibration(s) responsible
for nonradiative decay andγ0 is given by

whereS is the parameter related to the vibrational displacement
between the ground and excited states. Although theEem term
is included inγ0, this contribution to an energy gap plot has
been reported to be minor.23 Therefore, lnknr should correlate
linearly with Eem under the assumptions of the energy gap law.

In the present experiments, sinceνa is almost independent of
f(X), theνf value as a measure ofEem in a given medium was
plotted against the relevant lnknr value (Figure 6). As can be
seen in the figure, we obtained a linear relationship between ln
knr andνf for 9 solvents, except for the data in THF, 1-butanol,
and ethanol (nos. 6, 9, and 11): slope) -2.7× 10-3 cm-1 (r
) 0.98). The deviation of the data in 1-butanol and ethanol
from the linear relationship will be explained by the specific
solute-solvent interactions as discussed before. The largerknr

values in the alcohols than those predicted from the relevantνf

value indicate that nonradiative decay fromTAB takes place
more efficiently in a protic solvent. Such effects of a protic
solvent on nonradiative decay have been also reported for the
MLCT excited states of Ru(bpy)3

2+ and related complexes, and
the results have been explained by contributions of the high-
frequency O-H vibrations of the medium to excited-state
decay.37-39 SinceTAB is likely to interact with a protic solvent
through p(B), the present results would be also explained by
such solute-solvent interactions. Furthermore, the value in THF
also deviated, unexpectedly, from the linear relationship, and
nonradiative decay was impeded considerably, as expected from
the νf value. Because the electron is localized on p(B) in the
excited state ofTAB , the lone-pair electrons of the oxygen atom
in THF might be repelled from p(B). Although there is no direct
evidence, such a situation might make nonradiative decay less
efficient as compared to that in other aprotic solvents with
similar f(X) values.

On the other hand, the linear relationship between lnknr and
νf in the 9 solvents indicates that the variation of the solvent
does not bring about large changes in the electronic structures,
deactivation mode, or both ofTAB . Since the excited electron
of TAB is localized on p(B), the solvent orientation around the

Figure 6. Energy gap (νf) dependence of lnknr. The numbers inserted
in the figure correspond to those in Table 1.

ln knr ∝ -
γ0Eem

pω
(3)

γ0 ) ln
Eem

Spω
- 1 (4)
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excited state [i.e., with an increase inf(X)] decreases its energy
resulting in the energy gap dependence of lnknr. It may be worth
noting that the slope of the plot forTAB (-2.7 × 10-3 cm-1)
is much steeper than that for the solvent effects on Ru(bpy)3

2+

(-9.3 × 10-4 cm-1).23 Since the deactivation mode of the
excited state, related toω in eq 3, is totally different between
the two systems, a direct comparison of the values is impossible.
In the case of Ru(bpy)3

2+, however, it has been reported that
nonradiative decay is induced by the breathing vibrations of
the 2,2-bipyridine ligand (pω ) 1300-1400 cm-1).23,38,39To
explain the large solvent dependence of the lnknr values ofTAB
in Figure 6, eq 3 indicates that nonradiative decay ofTAB
should involve very low-frequency vibrations. However,TAB
showed no important low-frequency vibration as demonstrated
by the IR spectrum, and the frequency of the Raman active
boron-carbon stretching vibration has been reported to be
1250-1280 cm-1,40 which is comparable to the breathing
vibration of 2,2′-bipyridine. At the present stage of the
investigation, therefore, we suppose thatω will not be the
primary reason for the large slope value in Figure 6.

Another factor determining the slope of the plot isγ0. The
linear relationship between lnknr andνf indicates thatγ0 also
varies linearly withνf and that the variation ofγ0 with νf should
be governed byS. As described in the preceding section, theε

value varies withf(X) [(1.84-2.31) × 104 M-1 cm-1 except
for those in 1-butanol and ethanol], and the results would be
explained in terms of the variation of the extent of the HOMO-
LUMO overlap, probably caused by that of the conformation
of TAB with a solvent. This will more or less induce the change
in S becauseS is related to the extent of the distortion in the
excited state for those vibrations contributing to excited-state
decay.38,39A smaller electron-vibrational coupling strength for
TAB as compared to that for Ru(bpy)3

2+ would account for
the larger slope in Figure 6. Clearly, more detailed studies,
including resonance Raman spectroscopy and Franck-Condon
analysis of the fluorescence spectrum ofTAB , are absolutely
necessary to explicitly explain the present results. Nonetheless,
the energy gap analysis of theknr data revealed the characteristics
of the solvent effects on the excited-state properties ofTAB .

Conclusions

The present study revealed the spectroscopic and excited-
state properties ofTAB in detail. The largef(X) dependence of
the fluorescence characteristics (νf, τf, and Φf) demonstrated
that the excited electron inTAB was localized on p(B). The
results were supported by thef(X) dependence of the Stokes
shift (∆µ ≈ 8.0 D) as well as by Stark spectroscopy (∆µ ) 7.8
D) reported in the next paper in this issue.22 The absorption
band atνa ≈ 2.1 × 10-3 cm-1 was thus concluded to be the
electronic transition from theπ orbital of the anthryl group to
the vacant p orbital of the boron atom. This demonstrates that
the nonradiative decay from the excited state ofTAB involves
intramolecular back-electron transfer from p(B) toπ(An).
Therefore, the vacant p orbital on the boron atom inTAB plays
an essential role in determining the spectroscopic and excited-
state properties of the compound. Boron-containingπ-conju-
gated systems other thanTAB also exhibit quite interesting
spectroscopic properties,11-15 which are worth studying in more
detail. Further studies on the photophysical properties of several
boron-containingπ-conjugated systems are now in progress in
our laboratory, which will reveal characteristics of the ground
and excited states of the systems.
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