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Photophysics ofa,m-Diphenyloctatetraene in the Vapor Phase
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Fluorescence and fluorescence excitation spectra of diphenyloctatetraene vapor have been measured at different
temperatures from 98 to 13& and at different buffer gas pressures from 0 to 300 Torr. The fluorescence
quantum yields were determined as functions of the excitation energy and buffer gas pressure. It is shown
that diphenyloctatetraene vapor exhibits weak fluorescence from th@!Bu) state in addition to the
fluorescence from the;§2Ag) state. The quantum yield of the 8uorescence is shown to decrease with
decreasing pressure and with increasing excitation energy. The electronic relaxation processes of diphenyl-
octatetraene vapor are discussed based on the pressure and excitation-energy dependence of the fluorescence
quantum yield.

1. Introduction octatetraene and methyl-substituted octatetraene vapors consists
of the S fluorescencé! The striking difference between DPO
Lyapor and unsubstituted or methyl-substituted octatetraene vapor
also poses some fundamental questions concerning the relaxation
processes of polyene excited states as well as the mechanism
of the occurrence of the,Sluorescence. It is, therefore, of
interest to see whether or not the DPO shows thituSrescence
in addition to the $fluorescence in the vapor phase, where the
4 S; — S, energy difference is much larger than that in solution
as well as that of diphenylhexatriene vapor. In addition, the
the 1'Bu state is the second excited state,*S° To obtain detailed i.nformation on the relaxation processes in the S
deeper insight into the photophysical processes of diphenylpoly- manifold is not available for DPO vapor.
enes, it is essential to investigate the emission property in the In the present work, we have measured the fluorescence and
vapor phase where the molecule suffers no interaction from the fluorescence excitation spectra of DPO in the static vapor phase

Diphenylpolyenes have been the subject of a number of
spectroscopic investigations because such studies advance o
understanding of polyene electronic structure and the connection
between that structure and photophysical propkr§ Diphe-
nyloctatetraene (DPO) is a typical polyene that led to the
discovery of the low-lying one-photon forbidde®A2) state of
linear polyenes:2 It is now well-established for diphenylpoly-
ene vapors with a polyene double-bond number from 2 to
that the lowest-energy excited singlet statg,i$2!Ag and that

environment. at temperatures from 98 to 13& at different buffer gas
We tried to measure the emission and excitation spectrum of Pressures from 0 up to 300 Torr. Itis shown that DPO exhibits
DPO in a supersonic jet expansion in the gédtinfortunately, the detectable weak fluorescence from the(BBu) state in

however, we could not detect any emission signals in a jet, addition to the fluorescence from the @'Ag) state. Further-
although the emission signals could be detected for diphenyl- more, the fluorescence spectra measured at different excitation
butadiene and diphenylhexatriene vapors in &§étThis is energies and pressures as well as the excitation spectra revealed
presumably due to the low vapor pressure and low fluorescencethat the 3 fluorescence quantum yield decreases with decreasing
guantum yield of DPO as compared with those of diphenyl- Pressure and with increasing excitation energy. The electronic
butadiene and diphenylhexatriene. However, the techniques offelaxation processes of DPO vapor have been discussed based
photon counting combined with electric cooling of the photo- ©n the obtained data.

multiplier and the use of a double monochromator enable us to

measure the weak emission signals from the static vapor. 2. Experimental Section

Itis reported that diphenylhexatriene and DPO vapors exhibit
the fluorescence solely from the; State. However, diphe- 2.1. Sample Preparation.Diphenyloctatetraene (DPO) ob-
nylpolyenes with the polyene double-bond numimgoer five tained from Aldrich was purified by repeated recrystallization

are known to show the ;5(1!Bu) fluorescence, the relative from hexane. No impurity emission was detected when the
fluorescence vyield of which tends to increase with increasing purified sample was dissolved mpentane and measured with
polyene chain length or;S- S; energy separation: In solution, a fluorimeter. The perfluorohexane obtained from Aldrich was
diphenyldecapentaena & 5), diphenyldodecahexaene € used as a buffer gas without purification, after we confirmed
6), and diphenyltetradecaheptaene(7) exhibit the $ (11Bu) that it contained no impurities that emitted under the condition
fluorescence, the relative intensity of which increases signifi- Of our experiments. Samples were prepared on an all-glass made
cantly with increasing polyene chain leng&##°This observation ~ vacuum line equipped with a diffusion pump. Perfluorohexane
has been interpreted in terms of the energy gap law and intensitysealed in a side arm was degassed by repeated frperep—
borrowing of S from $.28-30 Furthermore, in contrast to the  thaw cycles. A small amount of DPO crystal in a nonfluorescent
case of DPO vapor, the major emission of unsubstituted 10-mm square quartz cell sealed to the vacuum system was
heated to 80C at a background pressure of less than*Iorr
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was admitted into the sample cell after degassing. The pressure $,(2 'Ag) Fluor
of the buffer gas was controlled by the temperature of the side T8 Fluor s,(1 'Bu) Abs
arm varied from—25 to —5 °C. The sample cell with buffer

gas was then isolated from the buffer gas reservoir, the contents

were trapped by liquid nitrogen, and the cell was sealed off.

By measuring the pressure and volume of the buffer gas before

trapping and by measuring the volume of the cell at the end of

the experiment, we estimated the buffer gas pressure. 2

2.2. MeasurementsThe emission and excitation spectra were
measured with a Spex Fluorolog-3 (Model 21-SS) spectropho-
tometer equipped with a double-grating excitation monochro- Fluorescence ’ ‘
mator, a high-pressure 450-W Xenon lamp as an excitation- W 7 S
light source, and a photomultiplier tube (Hamamatsu R928-P) , . . .
in an electric-cooled housing operated in photon-counting mode. 15000 20000 25000 30000 35000
For most of the emission measurement, square 10-mm path Wavenumber (1/cm)
length quartz cells were used. Absorption spectra were measuredrigure 1. Absorption (1), corrected fluorescence (2), and corrected
with a Shimadzu UV-2550 spectrophotometer, with which the fluorescence excitation spectra (3 and 4) of DPO vapor in the presence
optical densities as low as 0.003 can be measured with a0f290 Torr perfluorohexane. The fluorescence spectrum 2 was obtained
reasonableSN ratio. The absorption spectrum of the vapor by excitation at 350 nm, a_nd the excitation spectra 3 and 4 were obtained

. S by monitoring the emission at 500 and at 385 nm, respectively. The
sample was measured using a cylindrical 100-mm path length baseline of the absorption spectrum is shown by a broken line.
quartz cell at 150C. The temperature of the sample cells was
controlled by thermostated cell holders. In the emission S,<S,
measurements, the temperature of the lower portion of thecell 7 g $y<S,
was always kept higher than that of the upper portion byt® 136 °C
°C and was measured with a digital thermometer. Background
and scattered light were subtracted from the measured spectra. 4
Fluorescence spectra were corrected for the spectral sensitivity
of the detection system determined by using quinine in sulfuric !
acid as a standard. Excitation spectra were corrected for the
spectral intensity distribution of the exciting light with an x4
aqueous solution of rhodamine B as a quantum counter.

Emission quantum yields were determined by comparing the ! I!
corrected emission spectra of the samples with that of quinine

in sulfuric acid used as a standard, which is assumed to have a '
fluorescence quantum yield of 0.51. However, determination

of the accurate value of the fluorescence quantum yield

accompanied some difficulties, primarily because of the ex- L . . L )

tremely low optical density and the low emission intensity of 15000 20000 25000 30000

DPO vapor. The fluorescence quantum yield of DPO vapor was Wavenumber  (1/cm)

determined to be approximately 0.1 for the excitation at near Figure 2. Corrected fluorescence spectra of DPO vapor in the presence

the S origin in the presence of 310 Torr perfluorohaxane at of 290 Torr perfluorohexane obtained by excitation at 340 nm at
130°C different temperatures.
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3. Results and Discussion 3.1. Temperature Dependence of the Fluorescence Spec-
trum. Figure 2 shows the fluorescence spectra of DPO vapor

Figure 1 shows absorption, fluorescence, and fluorescenceat high total pressure at different temperatures. Because of the
excitation spectra of DPO vapor in the presence of 290 Torr extremely low intensity of the Sfluorescence, we could not
perfluorohexane. It is seen that most of the emission consistsCarry out the quantitative analysis of the intensity. However,
of the fluorescence from the 2°Ag) state, as has been reported  the spectra in Figure 2 show vaguely that the relative intensity
previously? Closer inspection reveals a very weak emission ot the 5 fluorescence to the:Sluorescence increases slightly
band.observed nearl400 nhm (25000 é)npe&de the COM- with increasing temperature. If the whole intensity of the S
paratlyely strong $(2'Ag) fluorescence. This weak EMISSION g, rescence was originating entirely from the thermal popula-
is assigned to the;%1'Bu) fluorescence based on the following tion of the § state, then the intensity ratio of the ® S

observations: (1) the structure of the excitation spectrum fluorescencelra/lry, at temperatureT, should be proportional
obtained by monitoring only the apparent origin band region F2IFL 2
y g ony the app 9 919N 10 the valuekeaker x exp(—AE1/kT), with kes, kes, A5, and

of the S2 fluorescence corresponds nearly to that of the ¢ ~ T
absorption spectrum; (2) the reflected S S, absorption k denoting the radiative rate constant of thea®d S states,

spectrum matches the high-energy band of the observedthe energy difference between the &hd $ states, and the
fluorescence, which can be assigned to the apparent S Botzmann constant, respectively. The valueA@;, is estimated
fluorescence origin: Furthermore, closer inspection of Figure to be about 4000 crit for DPO vapor, based on the energy
1 shows that there is also a weak emission band seen at 24 godlifference between the observedd®d $ fluorescence origins:
cmL, which can be attributed to the second vibronic band of 2 The S fluorescence origin of DPO vapor has been observed
the S fluorescence forming the mirror-image relation to the at 22020+ 23 cnt?, while the $ fluorescence origin is seen
second $— S; absorption band at about 29 500 Tin at 26 100 cm! (see Figure 1). The “ratio” of the .85,



3504 J. Phys. Chem. A, Vol. 111, No. 18, 2007 Itoh

(@) $,2 hg) Fluor 0.10

s, Lu) Fluor

+ 290 Torr

F1

+0 Torr

N\
. \\ i

15000 20000 25000
Wavenumber (1/cm)

100 200 300 400
Pressure in Torr

Figure 4. Pressure dependence of theflBorescence quantum yield
oT obtained by the excitation at different wavelengths at k34T he solid
b curves are the best-fitted ones.
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Figure 3. Corrected fluorescence (a) and fluorescence excitation ke, ke
spectra (b) of DPO vapor in the presence and absence of perfluoro-
hexane at 134C. The fluorescence spectrum was obtained by excitation
at 345 nm, and the excitation spectrum was obtained by monitoring - ~L
the emission at 500 nm. s “ T
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fluorescen_ce mtenSIty ratitia/lr,, at two different temperatures, Figure 5. Kinetic scheme for the electronic relaxation of DPO vapor.
Ty and Ty, is given by

presumably due to the broadness of the®d S fluorescence.
(e e =1 V[(1e 1) v=1,) = €XPIAE, JK) x (LT, — 1/T))] In fact, the higher-energy tail of the 8uorescence is extended

(1) to near the Sabsorption origin, and the;Sluorescence could

be hidden in part by the long tail of the Buorescence. Figure
Assuming that thé\E;, value is 4000 cml, the ratio expressed ~ 3b shows the excitation spectra of DPO vapor in the presence
by the above equation witfi; = 98 °C andT, = 136 °C is and absence of the buffer gas. It is seen that at low pressure the
calculated to be 4.2. As is seen in Figure 2, the origin band intensity decreases with increasing excitation energy as com-

intensity of the $ fluorescence does not exhibit such a large pared with that at high total pressure. TheflBorescence

increase with increasing temperature from 98 to 136 This guantum yield plotted against the buffer gas pressure is shown
indicates that all of the intensity of the; 8uorescence does in Figure 4 for different excitation energies, where the yield
not originate from the Boltzmann distribution of the Sate. A decreases with decreasing buffer gas pressure and with increas-

part of the observed,Sluorescence presumably involves the ing excitation energy. Although DPO vapor was shown to emit
contribution from the prompt fluorescence originating directly a weak S fluorescence, the detailed analysis could not be made

from the S state. for the pressure dependence of the quantum yield because of
3.2. Pressure and Excitation Energy Dependence of the  the weakness of the emission intensity.
Fluorescence Spectrum and Quantum YieldFigure 3a shows The observed pressure and excitation energy dependence of

the fluorescence spectra of DPO vapor in the presence andthe population of the S(2'Ag) state can be accounted for in a
absence of the buffer gas. At low pressure without the buffer relaxation scheme as shown in Figure 5, which involves the
gas, the fluorescence spectrum is broad and tends to shift tocollisional deactivation in the ;Sstate. In the limit of low

the red as compared with that at high total pressure, while the pressure without the buffer gas, the DPO molecule can be safely
fluorescence is somewhat structured in the presence of the bufferegarded as collision-free during the lifetime of the excited states
gas. This observation indicates that at low pressure thebecause the vapor pressure of pure DPO is estimated to be
fluorescence originates from the unrelaxed vibrational levels around 2 mTorr at temperatures used in the present experiment.
in the S state, whereas at high total pressure the fluorescenceAt 2 mTorr, the collision interval is estimated to be ap-
originates from the relaxed levels near thedBigin. The $ proximately 5x 1075 s, while the intrinsic fluorescence lifetime
fluorescence tends to be weakened at low pressure, but this isof the § state obtained from the measured fluorescence decay
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time and quantum yield in cyclohexane at room temperature is
70 ns29:33Alternatively, in the limit of high pressure there were
sufficient collisions during the lifetime of the; State to bring
about collisional deactivation to lower vibrational levels of the -
S, state so that the photophysical behavior is similar to that
observed in the condensed phase. Thus, at high total pressurg M '
the fluorescence spectrum exhibits some structure, whereas ag —
low pressure the spectrum is broad.

In the kinetic scheme shown in Figure 5, thefliorescence
quantum vyield,®g;, at a particular pressure, of the buffer
gas is given by

Dpy = [Ky/(Kep + Kop)] x [+ ke pl(key + KO x e l
[kes/(key + ke p+ K101 (2)
0.0 o

where k%, and k1, are, respectively, the rate constants for 24000 26000 28000 30000 32000 34000
nonradiative decay from the levels in the neighborhood of the Wavenumber (1/cm)

S origin and the vibrationally excited levels in,Sandk; is Figure 6. Fluorescence quantum yield (1) and the nonradiative rate
the rate constant for collisional deactivation in then&nifold. from the S state (2) of pure DPO vapor plotted against the excitation
The nonradiative pass from the State possibly includes the  energy.

isomerization process. The values fb¢; plotted as a function
of p shown in Figure 4 are well fit by this model. Because the
intrinsic fluorescence lifetime of the, State is about 70 ns, the
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yield of the S fluorescence is found to increase with increasing
pressure and with decreasing excitation energy, indicating that

value for ke; is evaluated to be 1.4 107 sL. With the the nonradiative rate from thq State increases with increasing
assumption thakt. = 1 x 107 Torr* s%, the data in Figure 4 excitation energy, although the decrease is small compared to
provide Ky = 4.8 x 108, 5.4 x 108 ’and 6.1x 108 s1 that seen in the case of diphenylhexatriene or diphenylbutadiene

vapor. It is indicated that the vibrational energy redistribution
in the § state is slow as compared with other nonradiative
processes including possible isomerization processes.

respectively, for 360, 340, and 330 nm excitations. It follows
from eq 2 that at zero pressureB is given by

Udey = (14 kelkoy) x (14 Ky /key) 3)
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