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Electroabsorption and electrofluorescence spectroscopies were conducted for tri-9-anthrylbsBgrenped

in poly(methyl methacrylate) films (1.0 mol %) to reveal the spectroscopic and excited-state properties of the
compound.TAB showed three distinct absorption bands: bands | [195) x 10° cm™], 1l [(25—31) x

1 cm 1, and lll (>31 x 10° cm™Y). The electroabsorption spectrum demonstrated that the electronic transitions

in bands | and Ill accompanied electric dipole moment changes, (while the change in the molecular
polarizability contributed mainly to electroabsorption band Il. Because of the similarities of the electroabsorption
spectrum of band Il with that of anthracene itself, band Il was assigned to the electronic transition to the
locally excited (LE) state of the anthryl group. On the other hand, bands | and Il were best described by the
electronic transitions to the excited charge-transfer (CT) states. The study demonstrated furthermore that the
Au value of TAB accompanied by the lowest-energy electronic transition was as large as 7.8 D, which agreed
very well with that determined by the solvent dependences of the absorption and fluorescence maximum
energies ofTAB (~8.0 D, ref 1): Au = 7.8—8.0 D. The results proved explicitly that the excited state of

TAB was localized primarily on the p orbital of the boron atom. Despite the dipole moment change (
7.8—8.0 D) for the lowest-energy electronic transition (band I), the electrofluorescef@Bohccompanied

the change in the molecular polarizability. The spectroscopic and excited-state propefid afcluding

the curious behavior of the electrofluorescence spectrum as mentioned above were discussed on the basis of
theoretical considerations.

Introduction electroabsorption and electrofluorescence spectrdAds in
polymer films.

In this paper, we describe the characteristics of the electro-
absorption and electrofluorescence spectr@ AB doped in
poly(methyl methacrylate) films and discuss the origins of the
electronic transitions iNMTAB. In practice, we succeeded in
analyzing the observed electroabsorption and electrofluorescence
spectra of TAB and determined the electric dipole moment
fchange upon optical excitation, which was very important to

elucidate the nature of the excited state of the compound.

Nonetheless, the conclusion, based onf(h dependences of Furyhermore, we also conducted a theoretical study on_the
excited states of AB, and these results were compared with

the absorption and fluorescence maximum energieSAB A -
alone, might not be warranted because the s.pectroscopicexr)e”mental observations.
properties of a molecule are influenced by the various solvent
properties in a complicated manrfgturthermore, although we
discussed thé(X) dependence of the nonradiative decay rate  Principles of Electroabsorption and Electrofluorescence
constant k) of TAB on the basis of the energy gap lawhe SpectroscopiesElectroabsorption and electrofluorescence spec-
detailed excited-state properties have not yet been revealedfra (i.e., Stark spectra) provide information about a shift of the
Therefore, more explicit information about the spectroscopic molecular level under an external electric fiéid® When an
and excited-state properties ®AB, other than their solvent  electric field with the strength of is applied to a molecule,
effects, is absolutely necessary to understand the characteristicéach energy level is generally shifted and the magnitude of the

of the molecule. To clarify such issues, we studied the shiftdepends on an electric dipole momentgnd a molecular
polarizability (@) of the state concerned: the level shift is given

* To whom correspondence should be addressed. E-mail: kitamura@ by —uF — oF?%2. As a result, the transition energy for

On the basis of the solvent polarit§(X)] dependences of
the spectroscopic and excited-state properties of tri-9-anthryl-
borane TAB), we concluded that the lowest-energy electronic
transition iNnTAB accompanied a large dipole moment change
(Au), and this was attributed to the excited-state electric dipole
moment of the moleculeuf): ue ~ Au ~ 8.0 D, as described
in detail in the preceding paper in this issue (pattThe ue or
Au value demonstrated, furthermore, that the excited state o
TAB was localized primarily on the p orbital of the boron atom.

Experimental Section
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giving rise to a Stark effect line shape, which is approximately
the second derivative of the absorption spectrum. If the —~ [
molecular polarizability varies upon photoexcitation, on the other = |-
hand, the Stark effect line shape becomes the first derivative of >~ f oA
the absorption spectrum. When the transition moment is affected 2

by F, the Stark effect line shape is the same as the absorption 8

spectrum. §
The change in the absorption intensity at wavenumigein( ﬁ
the presence df, AA(v), is given by
18 20 22 24 26 28 30 32 34
_ () d &) d_Z(AM) _
AAv) = (fF) [M(V) + Bx”dv( I Cx”de G Wavenumber (x 10° cm™)

Figure 1. Absorption spectra ofAB in a PMMA film (1.0 mol %,
wheref is the internal field factor. Coefficien, depends on ~ shown in black) and THF (5.& 10°° M, shown in red).
the transition moment polarizability and hyperpolarizability, and

. Results and Discussion
Bx and C, are given as follows

Absorption and Fluorescence Spectra of TAB in PMMA
1fAa |, 1 _ Films. Figure 1 shows the absorption spectrumT&B (1.0
B=hd2 E(Aam — Aa)(3 cosy — 1)] () mol %) in a PMMA film (shown in black) together with that in
5 THF (5.8 x 1078 M, shown in red). In the wavenumber region
_ (Aw) studied p = (17—36) x 10° cm™Y], TAB showed three main
&= 30h%c?

B+ co§x - 1@ co§§ ) absorption bands: a broad low-energy band peaking, at

21.2 x 10° cm! [band I, (19-25) x 10° cm™Y], a relatively
structured anthracene-like band [band II,{&) x 10®* cm1],
q and a broad high-energy band peakingzat 35.0 x 1 cm?t
(band 1lI, >31 x 10 cm™1). The spectral band shapes and the
v values of the three absorption bandsT@éB in the PMMA
film were very similar to those observed in THF or other aprotic
solvents! The absorption characteristics GfAB are thus
concluded to be insensitive to the solvent or microenvironment.
On the other hand, as can be seen from the data shown later,
the TAB in the PMMA film showed a fluorescence maximum

. X atvs = 19.0x 10° cm™L. Although the fluorescence maximum
respectively, and the relevaiy B, and C terms are defined L
energy of TAB was shown to be very sensitive to solvent

similarly to those for absorption measuremeny. comparing polarity both the spectral band shape and thealue in the

the eIectroabsorptlor) aqd electrofluorescence spectrg with thePMMA film were almost the same as those observed in ethyl
first or second derivative of the relevant absorption and

fluorescence spectra, one, therefore, can discusg ted o acetate 4 = 19.0 x 10° cm™)," reflecting the microenviron-
e ot ’ mental polarity around@AB in the film. These results indicate
values of a molecule of interest. that no specific interaction betwedAB and PMMA takes
Experimental Setup. Electroabsorption and electrofluores- place even in the solid state and th&AB is dispersed
cence spectroscopies were conducted by using the system anflomogeneously in the film. Therefore, we can discuss the
procedures reported previously Briefly, a benzene solution  gpectroscopic and excited-state properties4B on the basis

of poly(methyl methacrylate) (PMMA, Aldrich, MW= 1.2 x of the electroabsorption and electrofluorescence spectra mea-
10P) containing 0.5-1.0 mol % of TAB was spin-coated onto  syred in PMMA films.

the ITO electrode fabricated on a quartz substrate. An aluminum  Electroabsorption and Electrofluorescence Spectra of
layer was then vacuum deposited onto T&B/PMMA film, TAB in PMMA Films. The electroabsorption and electrofluo-
and the ITO and Al electrodes were connected with a function rescence spectra @B doped in PMMA films (1.0 mol %F
generator (SG-4311, Iwatsu) combined with an amplifier (Model = 1.0 MVv/cm) are shown in Figures 2 and 3, respectively. For
609A, Trek) to apply ac voltage to the electrodes. The electric the absorption and electroabsorption spectra, those of bands |
field-induced change in the absorption or fluorescence intensity [(17—25) x 10° cm™4], I [(24—30) x 10°cm™], and Il [(29—

was detected with a lock-in-amplifier (SR830, Stanford Research 36) x 10° cm~] are also shown separately in Figure 2b, ¢, and
Systems Inc.) at the second harmonic of the modulation d, respectively, for clarity. The top and bottom panels in each
frequency. The spectra were obtained under magic anglefigure represent the absorption and electroabsorption spectra,
conditions between the polarization direction of linearly polar- respectively (shown in black), and the middle panel shows the
ized excitation light and that of the applied electric field= first (shown in red) and second derivatives (shown in blue) of
54.7 in egs 2 and 3. The experimental setup used in our the absorption spectrum. The red curve shown in each bottom
previous studies was complemented with a Gl&aylor prism panel represents the best fit of the electroabsorption spectrum
polarizer (CASIX, PGT8210) and a rotatable sample holder for by simulations. In Figure 3, similarly, the fluorescence and
measuring electroabsorption spectra with polarized figjkor electrofluorescence spectra DAB are shown in the top and
fluorescence spectroscopy, unpolarized light was used for bottom panels (shown in black), respectively, while the first
excitation, and unpolarized fluorescence was detected with a(shown in red) and second derivatives (shown in blue) of the
propagation direction perpendicular to that of the excitation light. fluorescence spectrum are shown in the middle panel. In the
The TAB used in this study was the essentially the same with bottom panel, the simulated electrofluorescence spectrum is also
that reported in the previous paper. shown in red.

whereAa = (1/3)Tr(Aa) and Ao represents the difference in
the molecular polarizability between the ground and excite
statesAa, denotes the diagonal componentiaf with respect
to the direction of the transition momentis the angle between
the direction ofF and the electric vector of excitation light,
andé is the angle between the directionyf and the transition
dipole moment. On the other hand, the change in the fluores-
cence intensity undd¥ (Alg(v)) is given by replacing\(v) and

v in eq 1 by the fluorescence intensityg(f)) and 3,
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Figure 2. Absorption (top panel) and electroabsorption spectra (bottom panel, shown in blatkBofloped in PMMA films (1.0 mol %F =

1.0 MV) in thev range of (18-36) x 10° cm™* (a). The middle panel shows the first (red) and second derivatives (blue) of the absorption spectrum;

the first and second derivatives of each band (bands I, I, and Ill) are superimposed. The red spectrum in the bottom panel represents the simulated
one. Panels b, c, and d show separately the spectra of bands |, Il, and Ill, respectively, for clarity.

In the spectral region of band | (Figure 2b), the electro- hand, the electroabsorption spectrum of band Il was reproduced
absorption spectrum was best simulated using the dominantwell by the second derivative of the relevant absorption spectrum
contribution of the second derivative of the absorption spectrum, (Figure 2d), similar to band I. It is worth noting that the first
while the first derivative of the absorption spectrum contributed and second derivatives result from the changes in an electric
mainly to electroabsorption band Il (Figure 2c). On the other dipole moment Aux) and a molecular polarizability of,
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Figure 3. Fluorescence (top panel) and electrofluorescence spectra
(bottom panel, shown in black) GfAB doped in PMMA films (1.0 Figure 4. Schematic representations of the geometrical structures of
mol %, F = 1.0 MV). The middle panel shows the first (red) and second TAB.

derivatives (blue) of the fluorescence spectrum. The red spectrum in
the bottom panel represents the simulated one. excited state oTAB is best characterized by a charge-transfer
(CT) state.

Theoretical Considerations and Their Implications to the
Spectroscopic and Excited-State Properties of TABOur
experiments demonstrated that band | could be assigned to a
gT transition. It is worth noting that such a conclusion does
not contradict the results obtained via spectroscopic and
theoretical work on several triarylboranes; the derivative shows
an intramolecular CT transition from the HOMO of the aryl
group to the vacant p orbital of the boron atét!> For
example, the absorption spectrum of triphenylborane exhibits
a CT band at 34.& 10° cm™! (287 nm), and the band observed
at 42.0x 10 cm1 (238 nm) has been assigned to the transition
to the locally excited (LE) state of the phenyl grop.

respectively (eq 1). The total electroabsorption spectruiiAds

in the v range of (18-36) x 10° cm~! was then reasonably
simulated by the superposition of bandAldg, 1l (a), and Il

(Au), as shown in the bottom panel in Figure 2a (shown in
red), though the agreements between the observed and simulate
spectra in they regions overlapping the two transitions (i.e.,
band K1l and band I-11I) were not necessarily good enough.
Nonetheless, the present results showed clearly that the two
absorption bands (I and 1) were essentially different transitions.
Because the absorption spectrum of band Il was very similar
to that of anthracene itself,band Il could be assigned to the
transition to the locally excited state (LE) of the anthryl group

In TAB as discussed in the following section. Analogous CT and LE bands also appear in the spectrum of
On the other hand, Figure 3 reveals that the first derivative iri(1-naphthylborand? Similarly, in the case oTAB, band Ii

of the fluorescence spectrum accounts for the observed eIectro-Can be assianed to the LE transition in the anthrvl aroun as
fluorescence spectrum (change d. It is worth noting, 9 y! group

furthermore, that the fluorescence DAB is quenched by the ﬁESE“?]%d ak?]O\I/e. Therteforﬁ]AI? t{;‘ilsf IEX?It:tS :Ortit]/ Cti\-; ando ,
external electric field: the fluorescence intensity change in the ands analjogous 1o other triarylborane derivatives. Lu

minus sign in the bottom panel of Figure 3. This indicates that assignments of the electronic transitiops_ in Figl.”e. 2 are thus
the radiative rate constant ®AB at the emitting state becomes very reasonable. However, more explicit descriptions of the

smaller, the nonradiative rate constant becomes larger, or bothgxggﬁgsiftfc ghﬂ;r\gcgﬁstﬁ:esrg‘l?rll)é Qgr%esosj% t‘l(')hgz:‘:grses itnh:w
in the presence of an electric field. P P P ) ’

On the basis of the analysis of the present experimental following, we briefly describe the theoretical considerations of

: : the excited CT state ofAB.
observations by eq 1, we determined the valué\pffor the . . )
lowest-energy electronic transition (band I) to be 7.8 D, which The stationary states for the CT transitiornTiAB at the first

agreed quite well with that determined by %) dependence or.de.r can be derived from mixing of the zero-order states,
of the v, — »; value (~8.0 D)} Because the electric dipole originated from the charge_trz_ansf_er between each anthryl group
moment in the ground-state BB (i) has been shown to be and the boron atom. We distinguish the three anthryl groups in

almost zero, the largAu value accompanied by the electronic TAB by Iabellng them a, b, and , as shown in Figure 4a. The
transition is responsible for the excited-state dipole momedt ( zero-order basis set for the CT state can be then expressed by
of TAB: Au =~ ue = 7.8-8.0 D. The results support our eq 4
conclusion that the excited state DAB is localized primarily

I —
on the vacant p orbital of the boron atom. Thus, the lowest- Il,mnC= |(CyHg)y I(CyHg), "I(CyHo), TB O

(4)
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where |B~is the electronic state of the boron atom whose
m-type p orbital is occupied by one electron andn, andn
indicate the localized electronic states of the anthryl groups at
a, b, and c, respectively. Denoting the neutral and ionized states qel00 + [§]00+= £3qeRcos¢ (10b)
of the anthryl group iMAB by 0 and+, respectively, we obtain 2
three basis functions{+, 0, 03 |0, +, OGl and |0, O, +[ By
taking a linear combination of these three basis functions, we
can construct the first-order stationary states. In egs 8-10, ¢ is the pyramidal angle of the carbeboron
The x-ray crystal structure analysis 0¥AB reported by bonds defined as in Figure 4b. The dipole moment of Ahe
Yamaguchi et al. has shown that the three carbmoron bonds symmetry state can be calculated as
are in a planar configuratiof,and thereforeTAB belongs to

ge00 + |X|00 +[= — %qeRCOqu (10a)

ge0 + 2|00 += —geRsin¢ (10c)

the D3 point group in the ground state. The electronic ground 0
state of TAB is expressed as in eq 5 qelp | TY[E 0 (11)
—geRsing

9= [(CruHe)a HCrHo)y HCrHg) TBE (5) |
To calculate the dipole moments of tResymmetry states, we

where |Blis the electronic state of the boron atom with an take a linear combination of the two degenerated states

unfilled zz-type p orbital, whose state h&ssymmetry. On the
other hand, one can assume that the three carboron bonds

in the excited CT state are nonplanar because of &itype
configuration of the boron atom when the vacant p orbital is
filled by one electrort’ Therefore,TAB in the excited CT state
belongs to &3 point group, and we can apply ti@ selection
rules for photoexcitation to the CT state. In this case, we may
write the symmetry-adapted CT states as

WL Cy|Ygqyt ColyepU (12)
wherec; andc; are the coefficients. We now consider another
Cartesian coordinate system, which rotates aroundztheis
by 6 in the counterclockwise direction

X cosf sinfd 0|\/[x

Yy |=|—sin6 cosO 0|y (13)
1 z 0 0 1/\z
|y 0=—{|+, 0, 0H |0, +, OCH |0, 0,+0 (6a)
V3 Thex andy' components of the dipole moment in this rotated

1 axis system can be calculated as in egs 14 and 15
[Ye= %{ZH, 0, 0+ |0,+, 0+ |0, 0,+03 (6b)

[Yem

qelW X | W= qeg cos¢{ (c,> — ¢,2)cosb + 2c,c, sin 6}

i{ |0, +, 0O~ |0, 0,+0} (6¢) (14)

V2
qelW |y | W= qeg cos¢{(—c,” + ¢c,9)sin 6 + 2c,c, cos6}
where we label these functions according to the symmetry (15)
species of th&Cz point group.
In the first-order approximation, we can calculate the dipole We now take the coefficients in the form
moments of the three CT states (eq 6) by taking a vectorial

sum of the dipole moments of the basis functions. The dipole €, = cosa (16)
moment operator for the basis functions is taken as c,=sina (17)
Himn = ~Oime€ Fimn (7) wherea is a parameter. One can show that theomponent

becomes zero at = 6/2
wheree is an elementary electric charggmn represents the

amount of a charge transferred from the anthryl group to the W,y w,0=0 (18)
boron atom, andim, = (X, y, 2) is the positional vector from
the center of the anthryl cation to the boron atom. Using where
= Cot+o = Qoo+ = g and|[T+ool = [Fo+ol = [Foor| = R, we may
gzl;:télﬁg the dipole moments of three zero-order states as in W, = COSgW)E(l)EH_ Si”gW)E(z)D (19)
e 00/%| + 00T= geRcose (8a) The X' component of the dipole moment is then given by
ged 00y| + 00= 0 (8b) qelW, X | W, = qegco&p (20)
ge# 00jZ] + 00 —geRsin¢ (8c)
R 1 We consider another set of the coefficients which is orthogo-
qeld -+ 0J%|0 + O0L= — SgeRcos¢ (9a) nal to the set in eqs 16 and 17
.0 0
qel0 + 09]0 + 0= — %éqeRcosd) (9b) Wol= =sinSlpeq)t coslyee) (21)

gell + 0|2|0 + 0= —qgeRsin¢ (9¢) This state yields eqs 22 and 23
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o R worth noting that, if we take the $ghybrid structure of the
qelW,IXWol= qeécos¢> (22) boron atom, the value is 19.8 and eq 25 yields| = 0.89 for
. the CT state oE symmetry. These considerations indicate that
Qe |y |W=0 (23) nearly one electron is transferred from the anthryl group to the

boron atom in the excited CT state DAB with E symmetry.
It is pertinent to note, furthermore, that band IIl, observedhat

5 5 _ ; = 35.0x 10° cm! (Figure 2d), shows similar Stark effects to
Qe |Z|W, = qeW,|Z|Wol= —qeRsing - (24) band I. Therefore, the results strongly indicate that band il
should be responsible for a certain CT state possessing a dipole
moment.

On the other hand, the electrofluorescence spectrufef
- 3 12 showed a large change in the molecular polarizability following
el = qu{:L B ZCO§ ¢) (25) the fluorescence process, in contrast to the Stark effects on

absorption band I. The results can be explained by the
It should be noted that an external electric field can lift the assumption that the lowest-excited singlet state (i.e., the emitting
degeneracy of th& symmetry states, and the dipole moment state of fluorescence) is tHealstate but not the degenerate
of each state is given b¥t|ze| for any direction of the external |y c[states. In such a case, the excited state produced by optical
field. If we assume that the deviation of the structurel 68 excitation of band | is considered to relax to the lowgst[]
from the planar configuration at the boron atom is small (i.e., state via internal conversion. Note that the fluorescence generally
¢ ~ 0°), the dipole moments of the degenerated CT states with emits from the lowest-excited singlet state. Therefore, since both

The Z component of the dipole moment is given in eq 24

Thus, we can calculate the dipole moment of Eheymmetry
states as

E symmetry are given by the following equation the excited|iyalstate and the ground state BAB have no
R dipole moment, the only factor governing the electrofluorescence
g = 255 (26) of the compound is the change in the molecular polarizability,
2 as observed in the present experiments.
and the excited\ state,[alJ and the ground statepel] yield The transition dipole moment from the ground state to the

zero dipole moment. excited |yaUstate orignts parallel to thzeaxis,_ while those to
The polarizability of the CT states can be also calculated as the degenerated excit¢®,and |W7lstates (i.e.|yelstates)
the expectation value of the polarizability operatir For the lie in the x—y plane (Figure 4). It has been reported that the
lyalstate, we can calculate the polarizability as in eq 27 CT absprptlon bands of.other triarylborane derivatives are
responsible for the transitions to the degener&exymmetry
. 1 A . excited states, while the transition strength from the ground state
Walalypa= §([+ 00/&| + 00LH- [0+ 0]&|O + OLH- to the A symmetry excited state is very sm#it15> Therefore,
[00+ |&/00+0) (27) TAB will show a similar optical transition; the transition from
the ground state to thgpelstates is strongly allowed, while
where we have omitted the cross terms of the matrix elements.the transition to theéyastate is nearly forbidden. The present
If we make a crude approximation that the isotropic component conclusion of the nearly-zero absorption intensity to gl
of the polarizability tensor is dominant over any other aniso- state does not contradict the prediction of the planar excited-
tropic one, all three terms in the right hand side of eq 27 can state geometry oTAB with D3 point group.
be regarded as scalars. Consequently Atlstate possesses the The forbidden character of the fluorescent transition from the
nonzero polarizability as given in eq 28 excited |yaOstate to the ground state can be checked by
. . R comparing the observed radiative rate constiahof TAB with
oo = 3 00|a| + 000 [0 + 0G0 + OCF= [0 + |&00 +0] the value calculated from the absorption spectrum of band .
(28) One can calculate the radiative rate constkf, on the basis

of eq 298
One can show that the other two degenerated states also have

the same polarizability value. 0 o 5

On the basis of the present model for the electronic structures k®=3.0x 10", fedv (29)
of TAB, the electroabsorption (Figure 2) and electrofluorescence
spectra (Figure 3) can be discussed as follows. The electro-In THF, for example, thek:® value calculated from the
absorption spectrum of band Il (Figure 2c) showed a molecular absorption spectrum of bandd € 2.14x 10* M~1cmt atv,
polarizability change. The results are very similar to the =21.2x 10°cm2, see Table 1 and Figure 1 in ref 1) is x5
electroabsorption spectrum of anthracéhiedicating that band 108 s~1 while the observed}; value is 1.4x 10’ s ! (see Table
Il is assigned to the transition to the LE state of the anthryl 2 in ref 1), demonstrating that the obserdgdvalue is~10
group in TAB as described before. On the other hand, the times smaller thark?. Although both thee and k; values
electronic transition in band | (Figure 2b) accompanied a dipole observed forTAB are moderately dependent on the solvent,
moment change and the relevayt value was estimated to be  thek; value evaluated from the fluorescence quantum yield and
7.8—8.0 D. Therefore, we conclude that band | is assigned to lifetime in a given solvent is much smaller than the relevant
the transition to the degenerated CT states, whose characterg© value regardless of the solvent. Therefore, the results are
are described above. From the x-ray crystal structure analysisvery consistent with the assignment that the state emitting the
of TAB, we obtainedR = 3.03 A as the distance between the fluorescence is thgpastate, while absorption band | is assigned

boron atom and the center of the anthryl grééBy ap- to the allowed transition from the ground state to the degenerated
proximating the planar geometry of the three bonds on the boron |y e[states. Because of the weak transition strength tdythel
atom (i.e.,¢p= 0°) and by putting the valugAui| ~ |ug| = 7.8 state, the relevant absorption band could be buried in absorption

D into eq 26, we can estimate the amount of charge transferredband | and therefore could not be identified with the present
from the anthryl group to the boron atom to fpe= ~1.0. It is experiments.
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