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Evidence for the coexistence of two different mechanisms
for the occurrence of anti-Kasha S, (1'B,) fluorescence
from a,w-diphenylpolyenes
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Fluorescence, fluorescence excitation, and absorption spectra have been measured for
diphenylpolyenes with the polyene double bond numimerfrom three to seven in solvents with
different polarizabilities at room temperature. These polyenes exhibit anti-K8sha'B,)
fluorescence beside conventioi®l(2 1Ag) fluorescence in room temperature solution. It is shown
that there are two different mechanisms for occurrence of $pé1'B,) fluorescence of
diphenylpolyenessS, fluorescence occurs through the thermal population ofShstate for the
shorter diphenylpolyenesi& 3 and 4, while it occurs as promg, fluorescence due to inefficient
S,—S, internal conversion for the longer diphenylpolyenesn=6 and 7. With
diphenyldecapentaen@€5), S, 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-KasBa fluorescence of polyenes. ®004 American
Institute of Physics.[DOI: 10.1063/1.1791155

I. INTRODUCTION structure of conjugated linear polyenes is fundamental to un-
. o derstand complicated processes of charge transport in con-
Fluorescence of organic molecules originates normallyjycting polymers as well as energy transfer in biological
only from their lowest excited single§) state, irrespective  gystemd®
of the photon energy used for the excitation. The generaliza-~ | the present work, fluorescence, fluorescence excita-
tion of this ob’servat|on is referred to as Kasha's Ul tion and absorption spectra have been measured for diphe-
though Kasha's rule applies to almost all emissive molecules,y|nolyenes withn from three to seven in solvents with dif-
ther? are a few excegﬂons. _Em::smn flrlog] higher eﬁc'teqerent polarizabilities at room temperature. Evidence is given
singlet st”a.tessz, S, Sy, IS Often calles antleas @ for the coexistence of two different mechanisms for the oc-
emission” in contrast to the normal emission which obeysCurrence of thes, fluorescence from diphenylpolyenes. Al-

Kasha's rule. though S, (11B,) fluorescence is known to occur through

It has passed over 30 years since the discovery of thﬁ1 X :
. . ermal population of th&; state for shorter diphenylpoly-
one-photon forbidder, (2 *Ay) state of linear polyenes? enes thg an 4 DP3 ané DP4 respectiv}aK?‘l%it ogczrsy

It is now well established that for diphenylpolyenes with o :
over 3 the A, state isS, and that the one-photon allowed as prompt fluorescence QUe to inefficient internal conversion
11B, state isS,,* although for diphenylbutadiena & 2) from S, to S, for longer diphenylpolyenes=6 and 7; DP6

these states are nearly isoenergetic so that the apparent ordd DP7, respectively With diphenyldecapentaena@{ 5;

can differ in different experimenfsRecently it was revealed DP9, the S; fluorescence based on both mechanisms is ob-
that a,w-diphenylpolyeneg Ph—(CH=CH),—Ph] with n served: In solvents of low polarizabilitg, fluorescence oc-
from five to seven exhibit weak anti-Kasi$a (1 'B,) fluo- ~ curs promptly due to inefficiers,— S, internal conversion,
rescence beside tig (2 1Ag) fluorescenc@ M Thus, itis of  but with increasing solvent polarizability the decrease in the
interest to investigate the spectroscopic properties of a seriéa-S, energy separation leads to the thermal population of
of diphenylpolyenes in more detail, since we can obtain inthe S, state for DP5. In both mechanisms ti®/S,
formation on the interaction of the two excited states directlyfluorescence-intensity ratio depends significantly on solvent
through the measurement of dual fluorescence. Determingolarizability which controls the5;-S, energy separation.
tion of mechanism for the occurrence of the anti-Kasha emisThese observations are interpreted on the basis of the cou-
sion is of importance with respect to the molecular nonradipling strength between th® andS, states, i.e., the intensity
ative transition theory as well as to the excited-state dynamigorrowing, which depends mainly on tiSg-S, energy sepa-
behavior of organic molecules. Linear polyenes of othefration for DP6 and DP7, but are interpreted on the bases of
types such as carotenoids also are known to show anti-KashBermal population of theS, state for DP3 and DP4. The
S, fluorescencé? 4 Detailed information on the electronic present results provide deeper insight not only into the poly-
ene electronic state, but also into the mechanism for the oc-
3Electronic mail: titoh@hiroshima-u.ac.jp currence of the anti-Kasha emission of organic molecules.
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Il. EXPERIMENT S , Fluor DP7

S, Fluor S, Abs

Diphenylhexatriene (=3, DP3 and diphenyloctatet-
raene (=4, DP4 obtained from Aldrich, USA were recys-
tallized repeatedly from hexane. Diphenyldecapentaene (
=5, DP5, diphenyldodecahexaene< 6, DP§ and diphe-
nyltetradecaheptaen@€ 7, DP? were synthesized accord-
ing to the procedure reported by Spangerl?° and recys- s, Fluor
tallized from a mixture of dimethylformamide and toluene.
Longer diphenylpolyene samples were found to contain trace
amounts of shorter and more fluorescent diphenylpolyenes as
impurities, which were removed by repeated recrystalliza-
tions. Special care was taken in the purification of DP5, since
the S, fluorescence origin of DP5 matches almost exactly the
S, fluorescence origin of highly fluorescent DP4. It was con-
firmed that the measure8, fluorescence of DP5 does not
originate from DP4, based on the measurements of the exci-~
tation spectrum, fluorescence spectral shape, as well as o1
the repeated purification—emission measurement cycles%
Carbon tetrachloriden-hexane, and carbon disulfide ob- © . - s
tained from Wako Pure Chemicals, Japan, were used as re DP4 S, Fluor == Fiyor ,—— S, Abs
ceived, after we confirmed that these solvents contained no
impurities that were emitted under our experimental condi-
tions. All these solvents were of spectroscopic grade.

Absorption spectra were measured with a Shimadzu UV-
2550 spectrophotometer, and emission and excitation spectr:
were measured with a Spex Fluorolog¢®lodel 21-S$ opa S, Fluor
spectrophotometer, equipped with a double-grating excita-
tion monochromator, a high-pressure 450-W Xenon lamp as
an excitation-light source, and a photomultiplier tube
(Hamamatsu R928jRn an electric-cooled housing operated
in photon-counting mode. For most of the emission measure-
ments square 10 mm path length quartz cells were used. Tere 20000 zee00 35000
Raman and Rayleigh scattering light from the solvents were
subtracted from the measured emission spectra. Special care
was taken to measure the emission spectra of the samplddG. 1. Fluorescencdeft) and absorption specti@ight) of diphenylpoly-
and Raman and Rayleigh scattering spectra of the solvenfg€s: PP3bottom to DP7 (top), in CCl, at room temperature.
under exactly the same conditions. Sample solution in a cell
was changed using a filtered injection without replacing the
cell in the cell holder. It was confirmed that the excitation fluorescence from th&, (1'B,) state, as is indicated by a
spectrum of all the measured emission agrees well with thgood mirror-image relationship between the fluorescence and
corresponding absorption spectrum. the Syp— S, absorption bands, while the red spectra are as-

Fluorescence spectra were corrected for the spectral sesigned to the fluorescence from ti$g (2'A,) state. With
sitivity of the detection system by comparing the measuredP3, DP4, and DP5, th&, fluorescence is comparatively
spectrum with the real spectrum usibhgN-dimethylnitro- ~ weak, so that it is observed only as a blue shoulder overlap-
aniline as a standard which shows emission ranging fronping the onset of the stron§, fluorescence. Further, the
12000 to 22 000 cmt in a hexane-benzene mixtuteFluo-  solubilities and fluorescence quantum yields of longer diphe-
rescence spectra ranging from 18000 to 25000 cmere  nylpolyenes are extremely low, so that the fluorescence spec-
corrected using quinine in sulfuric acid as a standard. Excitra of these molecules are somewhat noisy. It was confirmed
tation spectra were corrected for the spectral intensity distrithat the excitation spectra obtained by monitoring either the
bution of the exciting light with an aqueous solution of S; or the S, fluorescence emissions agree with the absorp-
rhodamine B as a quantum counter. Emission spectral datéon spectra for all the molecules. One can see clearly in Fig.
were fitted by a least-square procedure. 1 that the relative intensity of thg, fluorescence depends
strongly on the polyene chain length. In order to treat the
observed spectral intensity ratios quantitatively, only the sec-
ond bands of th&,; fluorescence and the first band of te

Figure 1 shows absorption and corrected fluorescencuorescence spectrum were reproduced using fitted Gauss-
spectra of diphenylpolyened®P3-DP7 in CCl, at room ians, and the intensities of the reproduced bands are treated
temperature. The measured emission spectra are composasltheS,; andS, fluorescence intensitie$,(andl,, respec-
of blue and red spectra: The blue spectra are assigned twvely). An example of a fitted spectrum is shown in Fig. 2
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FIG. 2. Observedsolid-line spectrum and fitted fluorescence spectrum
(broken-line spectruinfor DP6 in CC}, at room temperature. Used func-
tional forms are indicated by solid-line Gaussiar® (luorescenceand
dotted-line GaussiansS( fluorescence

for DP6 in CCJ, at room temperature. The spectral change

shown in Fig. 1 is well visualized when I8 to S; fluores-
cence intensity ratid,, /1, is plotted as a function af (Fig.
3). The value forl,/lI; shows a minimum ah=5 and 4,
respectively, in Cgand in CC}, at room temperature.

In order to analyze the relative fluorescence intensities
systematically, the emission spectra of the diphenylpolyenes

were measured in solvents with different polarizabilities. It is
well known that theS, energy of polyenes shifts to lower
energy as the solvent polarizability is increased, whileShe
energy is almost unchanged. The dependence ofS{h8,
energy separatioAE on the solvent polarizability has been
well rationalized for diphenylpolyené8.in Figs. 4a)—4(c),

respectively, we show absorption and corrected fluorescence

spectra of DP6, DP5, and DP4 in solvents with different

in CS,
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FIG. 3. Thel, /1, intensity ratio plotted against the polyene double bond
numbern of diphenylpolyenes in CGl(open circley and in CS (closed
circles at room temperature.
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FIG. 4. (a) Absorption(1, 2, and 3 and corrected fluorescence spe¢ta5s,
and 6 of diphenyldodecahexaeri®P#6) in solvents with different polariz-
abilities at room temperature: imhexane(1 and 4, an-hexane-Cg (1:1)
mixture (2 and 5, and CS (3 and 6. (b) Absorption(1, 2, and 3 and
corrected fluorescence spectfa 5, and 6 of diphenyldecaheptae®P5)

in solvents with different polarizabilities at room temperaturenihexane
(1 and 4, an-hexane-Cg(1:1) mixture (2 and 5, and CS (3 and 6. (c)
Absorption(1 and 2 and corrected fluorescence spec¢8and 4 of diphe-
nyloctatetraenéDP4) in solvents with different polarizabilities at room tem-
perature: Inn-hexaneg(1l and 3 and CS (2 and 4.

polarizabilities at room temperature. It is clearly seen in Figs.
4(a)—4(c) that the relative intensity of thg; fluorescence to
the S, fluorescence changes significantly depending on the
solvent. However, the behavior of the fluorescence intensity
upon changing the solvent polarizability for DP4 differs from
those for DP5 and DP6. The relati® fluorescence inten-
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FIG. 6. Values for—In(l,/l,) (for DP3 and DP#or (I,/1,)*? (for DP6 and

FIG. 5. Thel, /I, intensity ratio plotted against th®,-S, energy gapAE DP7) plotted againsAE at room temperature.

for DP3, DP4, DP5, DP6, and DP7 in solvents with different polarizabilities
at room temperature.

rate constant for the internal conversion fr@nis reported

L L to be almost invariant for diphenylpolyenes withfrom 3
sity increases for DP4, while it decreases for DP5 and DP® 725 |t has been demonstrated recently for DP7 that the
both with increasing the solvent polarizability. observedS, /S, intensity ratio (,/1,) is expressed approxi-

. In.F|g. 5 the relation between th®,/S; ﬂuore_scenge— mately byl ,/I,~AE%K?2, whereK is the coupling constant
intensity ratio,l, /I, and theSz—Sl energy separatioAE is between thes, andS, states-2*This treatment is somewhat
presented, where the energy dllfference between the apparefiferent from that for carotenoids, for which the change of
S; andS, fluorescenc_e origins is taken as _the value Ad. I,/ has been interpreted by enhancement of$hdo S,
One can see clearly in Fig. 5 that the raligl, decreases jyiornai conversion rate with decreasiag . The plots in
_S|gn|f|cantly with mgreasmg_&E for DP?? and DP4, while it Fig. 6 show clearly the difference between the two mecha-
increases monotonically with increasinge for DP6 and  igg That is, the ratid,/I, is almost proportional to
DP7. With DP5 two different behaviors of the fluorescenceexp(_AE/k-D for DP3 and DP4 at a given temperature, while
intensity ratio were observed depending AEE: The.rgtio it is almost proportional ta\E? for DP6 and DP7. Further,
I2/1, decreases foAE below about 2000 ci, but it in- S, fluorescence based on both mechanisms is observed for

creases foAE over about 2000 cit both with increasing DP5 whoseS,-S, energy separation ranges from 2000 to
AE. These observations indicate that the mechanism for thg500 cml depending on the solvent uséste Fig. 5.

occurrence of thé&, fluorescence of DP6 and DP7 is differ-
ent from that of DP3 and DP4.
With DP3 and DP45, fluorescence is known to occur as V. CONCLUSIONS
a result of thermal repopulation from ti$g state'®~*°How- Diphenylpolyenes witm=3, 4, 5, 6, and 7 exhibit dual
ever, theS, fluorescence of DP6 and DP7 is prompt fluores-fluorescence from th&, (2'A,) andS, (1'B,) states, but
cence that occurs as a result of inefficient internal conversiothe mechanism for the occurrence of Bgfluorescence is
from S, to S; due to a large energy separation between thelifferent depending om. S, fluorescence occurs as a result
two excited state&’ In the former mechanism, i.e., the one of thermal repopulation from th§, state due to smaf;-S,
for DP3 and DP4, the, /S, intensity ratio (,/1;) can be energy separationd000—-2500 cm?) for diphenylpolyenes
expressed by with n=3 and 4. HoweverS, fluorescence occurs as a result
/1~ exp( — AE/KT), 1) of inefficient internal conversion frors, to S; presumably

due to largeS;-S, energy separatior®500—5500 cri) for
where k is the Boltzmann constant antl is the absolute

diphenylpolyenes withn=5, 6, and 7. With DP5 whose
temperaturé*®Thus, at a given temperature the ratigl; S-S, energy separation ranges from 2000 to 3500 &m

increases with decreasinyE, which depends strongly on both mechanisms were observed for the occurrenc&,of
the solvent polarizability. It has already been demonstratefluorescence. The series of diphenylpolyenes can be regarded
for DP3 and DP4 thalt, /1, obeys Eq(1) when the tempera- as a rare example showing anti-Kasha emission based on two
ture is changed On the other hand, in the latter mechanism, different mechanisms. Emission property of diphenylpoly-
i.e., the one for DP6 and DP7, the rafig/l; can be ex- enes is suggestive for considering the general rule for the
pressed by occurrence of anti-Kasha emission.
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