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Evidence for the coexistence of two different mechanisms
for the occurrence of anti-Kasha S2 „1

1B u… fluorescence
from a,v-diphenylpolyenes

Takao Itoha)

Faculty of Integrated Arts and Sciences, Hiroshima University, 1-7-1 Kagamiyama,
Higashi-Hiroshima City 739-8521, Japan

~Received 1 June 2004; accepted 19 July 2004!

Fluorescence, fluorescence excitation, and absorption spectra have been measured for
diphenylpolyenes with the polyene double bond number~n! from three to seven in solvents with
different polarizabilities at room temperature. These polyenes exhibit anti-KashaS2 (1 1Bu)
fluorescence beside conventionalS1 (2 1Ag) fluorescence in room temperature solution. It is shown
that there are two different mechanisms for occurrence of theS2 (1 1Bu) fluorescence of
diphenylpolyenes.S2 fluorescence occurs through the thermal population of theS1 state for the
shorter diphenylpolyenes (n53 and 4!, while it occurs as promptS2 fluorescence due to inefficient
S2→S1 internal conversion for the longer diphenylpolyenes (n56 and 7!. With
diphenyldecapentaene (n55), S2 fluorescence based on both mechanisms is observed depending
on the polarizability of the solvent used. The present results provide deeper insight into the
mechanism for the occurrence of anti-KashaS2 fluorescence of polyenes. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1791155#
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I. INTRODUCTION

Fluorescence of organic molecules originates norm
only from their lowest excited singlet (S1) state, irrespective
of the photon energy used for the excitation. The general
tion of this observation is referred to as Kasha’s rule.1 Al-
though Kasha’s rule applies to almost all emissive molecu
there are a few exceptions. Emission from higher exci
singlet states,S2 , S3 , S4 ,..., is often called ‘‘anti-Kasha
emission’’ in contrast to the normal emission which obe
Kasha’s rule.

It has passed over 30 years since the discovery of
one-photon forbiddenS1 (2 1Ag) state of linear polyenes.2,3

It is now well established that for diphenylpolyenes withn
over 3 the 21Ag state isS1 and that the one-photon allowe
1 1Bu state isS2 ,4–7 although for diphenylbutadiene (n52)
these states are nearly isoenergetic so that the apparent
can differ in different experiments.8 Recently it was revealed
that a,v-diphenylpolyenes@Phu(CHvCH)nuPh# with n
from five to seven exhibit weak anti-KashaS2 (1 1Bu) fluo-
rescence beside theS1 (2 1Ag) fluorescence.9–11Thus, it is of
interest to investigate the spectroscopic properties of a se
of diphenylpolyenes in more detail, since we can obtain
formation on the interaction of the two excited states direc
through the measurement of dual fluorescence. Determ
tion of mechanism for the occurrence of the anti-Kasha em
sion is of importance with respect to the molecular nonra
ative transition theory as well as to the excited-state dyna
behavior of organic molecules. Linear polyenes of oth
types such as carotenoids also are known to show anti-K
S2 fluorescence.12–14 Detailed information on the electroni
a!Electronic mail: titoh@hiroshima-u.ac.jp
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structure of conjugated linear polyenes is fundamental to
derstand complicated processes of charge transport in
ducting polymers as well as energy transfer in biologi
systems.15

In the present work, fluorescence, fluorescence exc
tion, and absorption spectra have been measured for di
nylpolyenes withn from three to seven in solvents with dif
ferent polarizabilities at room temperature. Evidence is giv
for the coexistence of two different mechanisms for the
currence of theS2 fluorescence from diphenylpolyenes. A
though S2 (1 1Bu) fluorescence is known to occur throug
thermal population of theS1 state for shorter diphenylpoly
enes (n53 and 4; DP3 and DP4, respectively!,16–19it occurs
as prompt fluorescence due to inefficient internal convers
from S2 to S1 for longer diphenylpolyenes (n56 and 7; DP6
and DP7, respectively!. With diphenyldecapentaene (n55;
DP5!, the S2 fluorescence based on both mechanisms is
served: In solvents of low polarizabilityS2 fluorescence oc-
curs promptly due to inefficientS2→S1 internal conversion,
but with increasing solvent polarizability the decrease in
S1-S2 energy separation leads to the thermal population
the S2 state for DP5. In both mechanisms theS2 /S1

fluorescence-intensity ratio depends significantly on solv
polarizability which controls theS1-S2 energy separation
These observations are interpreted on the basis of the
pling strength between theS1 andS2 states, i.e., the intensity
borrowing, which depends mainly on theS1-S2 energy sepa-
ration for DP6 and DP7, but are interpreted on the base
thermal population of theS2 state for DP3 and DP4. The
present results provide deeper insight not only into the po

ene electronic state, but also into the mechanism for the oc-
currence of the anti-Kasha emission of organic molecules.

6 © 2004 American Institute of Physics
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II. EXPERIMENT

Diphenylhexatriene (n53, DP3! and diphenyloctatet-
raene (n54, DP4! obtained from Aldrich, USA were recys
tallized repeatedly from hexane. Diphenyldecapentaenen
55, DP5!, diphenyldodecahexaene (n56, DP6! and diphe-
nyltetradecaheptaene (n57, DP7! were synthesized accord
ing to the procedure reported by Spangleret al.20 and recys-
tallized from a mixture of dimethylformamide and toluen
Longer diphenylpolyene samples were found to contain tr
amounts of shorter and more fluorescent diphenylpolyene
impurities, which were removed by repeated recrystalli
tions. Special care was taken in the purification of DP5, si
theS2 fluorescence origin of DP5 matches almost exactly
S1 fluorescence origin of highly fluorescent DP4. It was co
firmed that the measuredS2 fluorescence of DP5 does no
originate from DP4, based on the measurements of the e
tation spectrum, fluorescence spectral shape, as well a
the repeated purification—emission measurement cyc
Carbon tetrachloride,n-hexane, and carbon disulfide ob
tained from Wako Pure Chemicals, Japan, were used a
ceived, after we confirmed that these solvents contained
impurities that were emitted under our experimental con
tions. All these solvents were of spectroscopic grade.

Absorption spectra were measured with a Shimadzu U
2550 spectrophotometer, and emission and excitation spe
were measured with a Spex Fluorolog-3~Model 21-SS!
spectrophotometer, equipped with a double-grating exc
tion monochromator, a high-pressure 450-W Xenon lamp
an excitation-light source, and a photomultiplier tu
~Hamamatsu R928-P! in an electric-cooled housing operate
in photon-counting mode. For most of the emission meas
ments square 10 mm path length quartz cells were u
Raman and Rayleigh scattering light from the solvents w
subtracted from the measured emission spectra. Special
was taken to measure the emission spectra of the sam
and Raman and Rayleigh scattering spectra of the solv
under exactly the same conditions. Sample solution in a
was changed using a filtered injection without replacing
cell in the cell holder. It was confirmed that the excitati
spectrum of all the measured emission agrees well with
corresponding absorption spectrum.

Fluorescence spectra were corrected for the spectral
sitivity of the detection system by comparing the measu
spectrum with the real spectrum usingN,N-dimethylnitro-
aniline as a standard which shows emission ranging fr
12 000 to 22 000 cm21 in a hexane-benzene mixture.21 Fluo-
rescence spectra ranging from 18 000 to 25 000 cm21 were
corrected using quinine in sulfuric acid as a standard. E
tation spectra were corrected for the spectral intensity dis
bution of the exciting light with an aqueous solution
rhodamine B as a quantum counter. Emission spectral
were fitted by a least-square procedure.

III. RESULTS AND DISCUSSION

Figure 1 shows absorption and corrected fluoresce
spectra of diphenylpolyenes~DP3–DP7! in CCl4 at room

J. Chem. Phys., Vol. 121, No. 14, 8 October 2004
temperature. The measured emission spectra are compo
of blue and red spectra: The blue spectra are assigned
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fluorescence from theS2 (1 1Bu) state, as is indicated by
good mirror-image relationship between the fluorescence
the S0→S2 absorption bands, while the red spectra are
signed to the fluorescence from theS1 (2 1Ag) state. With
DP3, DP4, and DP5, theS2 fluorescence is comparativel
weak, so that it is observed only as a blue shoulder over
ping the onset of the strongS1 fluorescence. Further, th
solubilities and fluorescence quantum yields of longer dip
nylpolyenes are extremely low, so that the fluorescence s
tra of these molecules are somewhat noisy. It was confirm
that the excitation spectra obtained by monitoring either
S1 or the S2 fluorescence emissions agree with the abso
tion spectra for all the molecules. One can see clearly in F
1 that the relative intensity of theS2 fluorescence depend
strongly on the polyene chain length. In order to treat
observed spectral intensity ratios quantitatively, only the s
ond bands of theS1 fluorescence and the first band of theS2

fluorescence spectrum were reproduced using fitted Ga
ians, and the intensities of the reproduced bands are tre

FIG. 1. Fluorescence~left! and absorption spectra~right! of diphenylpoly-
enes, DP3~bottom! to DP7 ~top!, in CCl4 at room temperature.

6957Fluorescence from a,v-diphenylpolyenes
sed
to
as theS1 andS2 fluorescence intensities (I 1 and I 2 , respec-
tively!. An example of a fitted spectrum is shown in Fig. 2
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for DP6 in CCl4 at room temperature. The spectral chan
shown in Fig. 1 is well visualized when theS2 to S1 fluores-
cence intensity ratio,I 2 /I 1 , is plotted as a function ofn ~Fig.
3!. The value forI 2 /I 1 shows a minimum atn55 and 4,
respectively, in CS2 and in CCl4 at room temperature.

In order to analyze the relative fluorescence intensi
systematically, the emission spectra of the diphenylpolye
were measured in solvents with different polarizabilities. I
well known that theS2 energy of polyenes shifts to lowe
energy as the solvent polarizability is increased, while theS1

energy is almost unchanged. The dependence of theS1-S2

energy separationDE on the solvent polarizability has bee
well rationalized for diphenylpolyenes.22 In Figs. 4~a!–4~c!,
respectively, we show absorption and corrected fluoresce
spectra of DP6, DP5, and DP4 in solvents with differe

FIG. 2. Observed~solid-line spectrum! and fitted fluorescence spectrum
~broken-line spectrum! for DP6 in CCl4 at room temperature. Used func
tional forms are indicated by solid-line Gaussians (S2 fluorescence! and
dotted-line Gaussians (S1 fluorescence!.

FIG. 3. TheI 2 /I 1 intensity ratio plotted against the polyene double bo

6958 J. Chem. Phys., Vol. 121, No. 14, 8 October 2004
numbern of diphenylpolyenes in CCl4 ~open circles! and in CS2 ~closed
circles! at room temperature.

Downloaded 27 Mar 2007 to 133.41.149.126. Redistribution subject to AI
e

s
es

ce
t

polarizabilities at room temperature. It is clearly seen in Fi
4~a!–4~c! that the relative intensity of theS1 fluorescence to
the S2 fluorescence changes significantly depending on
solvent. However, the behavior of the fluorescence inten

FIG. 4. ~a! Absorption~1, 2, and 3! and corrected fluorescence spectra~4, 5,
and 6! of diphenyldodecahexaene~DP6! in solvents with different polariz-
abilities at room temperature: Inn-hexane~1 and 4!, a n-hexane-CS2 ~1:1!
mixture ~2 and 5!, and CS2 ~3 and 6!. ~b! Absorption ~1, 2, and 3! and
corrected fluorescence spectra~4, 5, and 6! of diphenyldecaheptaene~DP5!
in solvents with different polarizabilities at room temperature: Inn-hexane
~1 and 4!, a n-hexane-CS2 ~1:1! mixture ~2 and 5!, and CS2 ~3 and 6!. ~c!
Absorption~1 and 2! and corrected fluorescence spectra~3 and 4! of diphe-
nyloctatetraene~DP4! in solvents with different polarizabilities at room tem
perature: Inn-hexane~1 and 3! and CS2 ~2 and 4!.

Takao Itoh
upon changing the solvent polarizability for DP4 differs from
those for DP5 and DP6. The relativeS2 fluorescence inten-
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sity increases for DP4, while it decreases for DP5 and D
both with increasing the solvent polarizability.

In Fig. 5 the relation between theS2 /S1 fluorescence-
intensity ratio,I 2 /I 1 , and theS2-S1 energy separationDE is
presented, where the energy difference between the app
S1 andS2 fluorescence origins is taken as the value forDE.
One can see clearly in Fig. 5 that the ratioI 2 /I 1 decreases
significantly with increasingDE for DP3 and DP4, while it
increases monotonically with increasingDE for DP6 and
DP7. With DP5 two different behaviors of the fluorescen
intensity ratio were observed depending onDE: The ratio
I 2 /I 1 decreases forDE below about 2000 cm21, but it in-
creases forDE over about 2000 cm21 both with increasing
DE. These observations indicate that the mechanism for
occurrence of theS2 fluorescence of DP6 and DP7 is diffe
ent from that of DP3 and DP4.

With DP3 and DP4S2 fluorescence is known to occur a
a result of thermal repopulation from theS1 state.16–19How-
ever, theS2 fluorescence of DP6 and DP7 is prompt fluore
cence that occurs as a result of inefficient internal convers
from S2 to S1 due to a large energy separation between
two excited states.23 In the former mechanism, i.e., the on
for DP3 and DP4, theS2 /S1 intensity ratio (I 2 /I 1) can be
expressed by

I 2 /I 1;exp~2DE/kT!, ~1!

where k is the Boltzmann constant andT is the absolute
temperature.17,18Thus, at a given temperature the ratioI 2 /I 1

increases with decreasingDE, which depends strongly on
the solvent polarizability. It has already been demonstra
for DP3 and DP4 thatI 2 /I 1 obeys Eq.~1! when the tempera
ture is changed.18 On the other hand, in the latter mechanis
i.e., the one for DP6 and DP7, the ratioI 2 /I 1 can be ex-
pressed by

I 2 /I 1;DE2, ~2!

FIG. 5. TheI 2 /I 1 intensity ratio plotted against theS1-S2 energy gapDE
for DP3, DP4, DP5, DP6, and DP7 in solvents with different polarizabilit
at room temperature.

J. Chem. Phys., Vol. 121, No. 14, 8 October 2004
since theS1 state is considered to borrow oscillator strength
through the interstate coupling withS2 ,11,24 and since the
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rate constant for the internal conversion fromS2 is reported
to be almost invariant for diphenylpolyenes withn from 3
to 7.25 It has been demonstrated recently for DP7 that
observedS2 /S1 intensity ratio (I 2 /I 1) is expressed approxi
mately byI 2 /I 1;DE2/K2, whereK is the coupling constan
between theS1 andS2 states.11,24This treatment is somewha
different from that for carotenoids, for which the change
I 2 /I 1 has been interpreted by enhancement of theS2 to S1

internal conversion rate with decreasingDE.13 The plots in
Fig. 6 show clearly the difference between the two mec
nisms. That is, the ratioI 2 /I 1 is almost proportional to
exp(2DE/kT) for DP3 and DP4 at a given temperature, wh
it is almost proportional toDE2 for DP6 and DP7. Further
S2 fluorescence based on both mechanisms is observed
DP5 whoseS1-S2 energy separation ranges from 2000
3500 cm21 depending on the solvent used~see Fig. 5!.

IV. CONCLUSIONS

Diphenylpolyenes withn53, 4, 5, 6, and 7 exhibit dua
fluorescence from theS1 (2 1Ag) and S2 (1 1Bu) states, but
the mechanism for the occurrence of theS2 fluorescence is
different depending onn. S2 fluorescence occurs as a resu
of thermal repopulation from theS1 state due to smallS1-S2

energy separations~1000–2500 cm21! for diphenylpolyenes
with n53 and 4. However,S2 fluorescence occurs as a resu
of inefficient internal conversion fromS2 to S1 presumably
due to largeS1-S2 energy separations~2500–5500 cm21! for
diphenylpolyenes withn55, 6, and 7. With DP5 whose
S1-S2 energy separation ranges from 2000 to 3500 cm21,
both mechanisms were observed for the occurrence oS2

fluorescence. The series of diphenylpolyenes can be rega
as a rare example showing anti-Kasha emission based on
different mechanisms. Emission property of diphenylpo
enes is suggestive for considering the general rule for
occurrence of anti-Kasha emission.

1M. Kasha, Discuss. Faraday Soc.9, 14 ~1950!.

FIG. 6. Values for2 ln(I2 /I1) ~for DP3 and DP4! or (I 2 /I 1)1/2 ~for DP6 and
DP7! plotted againstDE at room temperature.
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