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Figure 1. Polyenes studied. 

great deal of experimental and theoretical interest. Gavin et al.' 
were the first to report its gas-phase emission and the absence 
of a Stokes shift leads to a Sz - S, assignment for the fluorescence. 
Heimbrook et al." later measured the S2 - So emission in a 
supersonic expansion and estimated an S2 lifetime of 100-300 ps. 

fluorescence in octatetraene, and it is interesting to note that the 
2IA, state of this archetypical polyene has not been observed in 
the gas phase. In fact Heimbrook et al." were unable to detect 
any emission from octatetraene in the static gas, and all the free 
jet work on octatetraene has been on the l'B, fluorescence. In 
contrast, recent work on gaseous diphenyloctatetraene20 showed 
fluorescence solely from SI (2'A,) as in solutions and mixed 
crystals. 

The striking differences between diphenyloctatetraene and 
unsubstituted octatetraene as well as the abrupt changes in 
fluorescence yields (-0.6 for octatetraene, <lo4 for hexatriene) 
with polyene length pose some fundamental questions concerning 
the relaxation of polyene excited states. These issues have received 
little attention, however, due to the relative inaccessibility and 
fragility of the longer unsubstituted systems. Octatetraene and 
its longer analogues are not commercially available and are 
difficult to synthesize in the quantities required for jet experiments. 
In addition, simple, unsubstituted polyenes tend to oxidize, 
isomerize, and polymerize even when stored in dilute solution. In 
an effort to expand upon the experiments on octatetraene and the 
phenyl-substituted polyenes, we have developed new synthetic 
routes to several unsubstituted and methyl-substituted tetraenes, 
pentaenes, and hexaenes. We initially investigated the fluorescence 
properties of octatetraene, nonatetraene, decatetraene, and do- 
decapentaene (Figure l )  as static, room-temperature vapors. The 
multigram quantities available from improved synthetic procedures 
also have allowed us to extend these measurements to supersonic 
jets. We report here our preliminary results on the free-jet 
spectroscopy of decatetraene and compare with spectra previously 
obtained for octatetraene.8*T0 

Experimental Section 
Octatetraene was prepared as reported previ~usly.~ Decate- 

traene was synthesized, employing the Wittig reaction between 
hexadienal (Aldrich) and crotyltriphenylphosphonium bromide 
("instant ylide", Fluka). Nonatetraene was synthesized by a 
similar reaction between hexadienal and allyltriphenylphosphonium 
bromide (Fluka). Dodecapentaene was obtained from the reaction 

Neither group was able to detect S, - So (2IA, - 1 'A,) 

(20) Itoh, T.; Kohler, B. E. J .  Phys. Chem. 1988, 92, 1807-1813 

between crotyltriphenylphosphonium bromide and octatrienal, 
which had been obtained from the acid-catalyzed selfcondensation 
of ~rotonaldehyde.~ All samples were purified by multiple re- 
crystallizations. Ultraviolet spectra and HPLC analyses showed 
that these samples were dominated by all-trans isomers. Further 
details of the syntheses and purification of these and several other 
simple polyenes will be described separately.21 

Absorption spectra of static vapor samples were measured on 
a Shimadzu UV240 spectrophotometer interfaced to a micro- 
computer. Fluorescence and fluorescence excitation spectra were 
obtained on a SPEX 
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Figure 2. Absorption and fluorescence spectra of the vapors in equilib- 
rium with room-temperature crystals of octatetraene, nonatetraene, and 
decatetraene. Absorption spectra were obtained at 0.5-nm resolution. 
Fluorescence spectra were obtained by exciting into the strong absorption 
features (269, 273, and 275 nm, respectively) lying - 1600 cm-l above 
the electronic origins of the three polyenes. Excitation and emission 
bandwidths were set at 3.6 and 1.8 nm for all fluorescence spectra. The 
spectra of octatetraene (obtained with no external buffer gas) were 
identical with those measured in the presence of ambient air. The spectra 
of nonatetraene and decatetraene were obtained in air. 
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Figure 3. Fluorescence and fluorescence excitation spectra of the vapors 
in equilibrium with room-temperature crystals of dodecapentaene in the 
presence of an atmosphere of air. The fluorescence spectrum was ob- 
tained by exciting at 300 nm, and the excitation spectrum was analyzed 
at 477 nm. The excitation and emission bandpasses were both 2.7 nm. 
The fluorescence excitation spectrum in excellent agreement with the 

absorption spectrum obtained under identical conditions. 

portant to note that both emissions rise to the same structured 
fluorescence excitation spectra and that the corrected excitation 
spectra are in good agreement the s00118.6Td
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TABLE I: Band Positions and Bandwidths Observed in the llA, - 
I'B, Fluorescence Excitation Spectrum of 
all- trans -2,4,6,8-Decatebaene 

freq," shift,* bandwidth,c 
cm-I cm-1 cm-' heightd assignmentC 

34 780 (0) 22 (2) 100 0-0 
34916 132 24 (4) 20 
35057 273 8 
35189 405 5 
36014 1230 43 (3) 20 
36 149 1365 5 1230+ 132 
36435 1651 40 (3) 52 
36568 1784 10 1651 + 132 

"Uncertainties of 2 cm-I. buncertainties of 3 cm-I. Puncertainties 
in parentheses were determined from least-squares fits to Lorentzian 
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statistical limit.26,27 Similar statistical limit behavior has been 
observed previously for the S2 state of a number of large organic 
molecules such as phenanthrene,28  porphyrin^?^^^^ and free-base 
porphine.31 In each of these molecules the S2-Sl energy difference 
is greater than 4000 cm-' and the Lorentzian absorption line 
shapes have widths in the range 1.5-20 cm-'. 

For decatetraene the contribution of laser line width (-0.35 
cm-' for the second harmonic) and of the rotational contour (<2-3 
cm-l under these expansion conditions) to the observed profiles 
can be neglected. In addition, great care has been taken to avoid 
saturation effects. Sequence congestion can be ruled out in this 
ultracold environment as shown by the independence of the line 
shapes on the expansion conditions. The (0-0) band has a 
Lorentzian fwhm of 22 cm-I. In the statistical limit the homo- 
geneous line width is given byZ6vz7 

ry = I / , ~ c ~  

where ry is the line width in cm-I, c is the speed of light in cm 
s-I, and 7 is the nonradiative decay time in seconds. This gives 
a nonradiative decay time of -0.25 ps for the zero-point level 
of the l'B, state of decatetraene. 

Lorentzian line shapes also have been observed in the excita- 
tionlo and absorption spectrae of the llA, 
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that these molecules have comparable k l l  values, a t  least in su- 
personic jets. It thus is not obvious from the lifetimes why the 
methyl-substituted compounds show such a significantly larger 
proportion of SI emission (9 , /02 increases by an order of mag- 
nitude in adding two methyl groups). This in part might be 
attributed to the differences between the vibronic states accessed 
in exciting room-temperature gases compared with supersonic jets, 
though our experiments indicate that is comparable for the 
two experiments. Another way to explain these effects is to assume 
that klnr, klnrr and/or klr/kZr change systematically upon methyl 
or phenyl substitution. However, the fluorescence yield and 
lifetime data currently available (mainly obtained on polyene 
solutions') are not of sufficient accuracy to evaluate such trends. 

In addition to the obvious pitfalls in interchanging data from 
free jets, static gases, and solutions, we also must stress that the 
wide variation in polyene quantum yields and lifetimes, even for 
similar conditions, awaits further experimental attention. The 
discrepancies between previous studies would very much benefit 
from direct measurements of S, lifetimes and quantum yields in 
both static gases and free jets. These numbers also should indicate 
whether the relative increase in SI fluorescence in the methyl- 
substituted and longer polyenes is due to enhanced S2 - SI 
internal conversion, changes in the rates of SI and SI nonradiative 
decays, or unexpected changes in the ratio of radiative rate 
constants. Measurement of S2 lifetimes, while considerably more 
difficult, would provide the crucial test of the line-width analysis 
presented above. 

Conclusions 
The work described here provides the first evidence for the 

existence of the low lying 2IA state in unsubstituted, gaseous 
tetraenes and pentaenes. In a d h i o n ,  we have shown that the S2 - So and SI - So emission intensities exhibit systematic de- 
pendences both on the extent of substitution and on polyene length. 
The free-jet spectra of decatetraene suggest that the interaction 
between S2 and SI states in longer polyenes can be treated in the 
statistical limit. However, the limited, and in some cases con- 
flicting, gas-phase data now available do not allow us to draw a 
simple picture of the mechanisms by which simple polyenes un- 
dergo eltctronic relaxation. Further work is required to provide 
reliable lifetime and quantum yield data on unsubstituted and 
methyl-substituted polyenes under similar experimental conditions. 

A review of previous work points to the difficulty in obtaining 
accurate values for absolute quantum yields, especially in the gas 
phase. It thus is important to stress that the dual fluorescences 
of the tetraenes and pentaenes offer some critical advantages in 

unraveling the kinetics and mechanisms of excited-state relaxation. 
As shown by eq 2, the fluorescence lifetime and quantum yield 
ratio can be used to calculate the rate of internal conversion 
between S2 and SI. Lifetimes and quantum yield ratios both can 
be measured very accurately, even for polyenes in gases and jets. 
The observation of two emitting states thus avoids the formidable 
problems in measuring the absolute fluorescence yields of unstable 
vapors. 

The discovery of 2IA, - 1 IA, emission in gaseous tetraenes 
and pentaenes means that the 2IA, states of these polyenes now 
can be studied under isolated molecule conditions. One- and 
two-photon fluorescence excitation spectroscopy, single vibronic 
level fluorescence spectroscopy, and fluorescence lifetime mea- 
surements in supersonic jets should provide considerable infor- 
mation on the excited-state structures and dynamics of simple 
polyene systems. We recently have extended the free-jet exper- 
iments described here to obtain the one-photon llA, - 2'A, 
fluorescence excitation spectrum and single vibronic level decay 
kinetics of isolated de~ate t raene .~~ After submission of this paper, 
we learned of Buma et al.'s detection of the 1 )A, - 2IA, transition 
in cis-hexatriene using multiphoton ionization t e ~ h n i q u e s . ~ ~  The 
fluorescence and ionization techniques clearly are complementary 
and together should lead to a better understanding of excited 
electronic states and the relaxation dynamics (including photo- 
isomerization pathways) of model polyenes. 
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