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Fluorescence and fluorescence excitation spectra of all-trans-2,4,6,8-decatetraene have been 
obtained in free jets and in inert-gas clusters. In isolated decatetraene, excitation into 1 ‘B, 
(S, ) results in emission from both S, ( 1 ‘B, + 1 ‘A, ) and S, (2 ‘A, --) 1 ‘A, ) on time scales 
that are faster than the 10 ns experimental resolution. In clusters, rapid electronic and 
vibrational relaxation leads to long-lived (360 ns) emission from thermally relaxed levels of S, . 
Direct excitation of low-lying, S, vibronic levels in cold, isolated molecules also results in long- 
lived S’ -S, fluorescence, as expected for this symmetry-forbidden transition. The detection of 
S, emission in free decatetraene has permitted the first detailed study of the vibronic structure 
and kinetics of the 2 ‘A, state of an isolated, all-trans linear polyene. The S, +S, fluorescence 
excitation spectrum is rich in low-frequency vibronic progressions. Analysis of this spectrum 
suggests that the transition not only is made allowed by vibronic coupling involving low- 
frequency 6, skeletal modes ( Herzberg-Teller coupling), as for polyenes in condensed phases, 
but also gains intensity from interactions between the electronic motion and the hindered 
rotations (torsions) of the terminal methyl groups. Preliminary analysis suggests that the 
barriers to internal rotation of the methyl groups must be substantially reduced in the 2 ‘A, 
(S, ) state. For isolated decatetraene, the 2 ‘A, fluorescence lifetimes show a monotonic 
decrease with increasing vibrational energy, presumably due to increased mixing with the 
1 ‘B, state. 

1. INTRODUCTION 

The low-lying excited states of linear polyenes have been 
the subject of considerable experimental and theoretical ac- 
tivity in recent years.’ These investigations, in large part, 
have been motivated by the roles of polyenes in several im- 
portant photobiological processes, including energy transfer 
and photoprotection in photosynthesis and cis-trans photoi- 
somerization in visual systems and photosynthetic bacteria. 
In addition, electronically excited polyenes undergo pho- 
toinduced cycloadditions and other pericyclic reactions.2p3 
Experimental work in these areas has been reinforced by a 
long-standing interest in developing better theoretical de- 
scriptions of one-dimensional, conjugated ‘r electron sys- 
tems. Polyenes provide many examples where the interac- 
tions between theory and experiment have led to a deeper 
understanding of excited-state electronic structures and 
chemical dynamics. 

Much of the recent information about polyene elec- 
tronic states has come from studies of model systems of in- 
termediate length.“16 Optical experiments on simple po- 
lyenes with four or more conjugated double bonds have 
established the presence of a 2 ‘A, (S, ) state between the 
ground state [ 1 ‘A, (S, ) ] and first one-photon-allowed 
excited state [ 1 ‘B, (S, ) ] .’ In condensed phases, absorp- 
tion into the 1 ‘B, state is typically followed by a red-shifted 
emission from 2 ‘A,, though the fluorescence yields are sen- 

sitive to details of molecular structure and environment. 
Thus octatetraene and longer polyenes have substantial 
S, +S, fluorescence yields (e.g., ef > 0.70 for all-tram octa- 
tetraene in rigid glasses and mixed crystals) ,4 whereas hexa- 
triene and butadiene have vanishingly small emissions 
(Q,. < 10 - ‘). The lack of emission from shorter polyenes 
has made it difficult to establish the ordering of their lowest 
excited states, let alone the details of excited-state relaxation 
and photochemical pathways in these prototypical systems. 

The striking contrast between the fluorescence proper- 
ties of butadiene and hexatriene and those of the longer po- 
lyenes is most likely related to differences in the excited-state 
(2 ‘A, and 1 ‘B, ) geometries of these molecules.“*‘* Al- 
though ethylene undergoes a 90” twist upon excitation from 
1 ‘A, to 1 ‘B,, l9 theoretical calculations20Y2’ and modeling 
of resonance Raman and absorption spectra22-25 indicate 
that the 1 ‘B, states of butadiene and longer polyenes retain 
their planar, ground-state structures. In contrast, ab initio 
calculations on butadiene and hexatriene predict that the 
low-lying 2 ‘A, state is nonplanar.“,” The 2 ‘A, state in 
octatetraene apparently is planar but with a low barrier 
( - 1400 cm - ’ ) to cis-trans isomerization.26~27 Recent cal- 
culations by Zerbetto and Zgierski” show that distortions 
from planar geometries in 2 ‘A, allow twisting modes of a, 
and 6, symmetry to play important roles in 2 ‘A, + 1 ‘A, 
internal conversion. This dramatically accelerates internal 
conversion in the shorter polyenes, thus accounting for the 
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quenching of fluorescence. Similar effects should enhance 
internal conversion from 1 ‘B, to 2 ‘A,. A nonplanar 2 ‘A, 
state thus should promote the nonradiative relaxation of the 
initially excited 1 *B, state by internal conversion. For long- 
er polyenes, more planar 2 ‘A, states result in slower rates of 
S, -So internal conversion, allowing fluorescence to com- 
pete with other decay channels. 

2,4,6,8-decatetraene 

FIG. 1. All-tram-2,4,6,8-decatetraene. 

Even though polyenes longer than hexatriene fluoresce, 
simple model systems have not been extensively studied. 
This, in part, is due to the fact that they are not commercially 
available and are difficult to synthesize and purify in the 
amounts required to carry out extensive vibrational and elec- 
tronic studies, particularly in molecular beams. Certain nat- 
ural products, most notably derivatives of the visual chro- 
mophore retinal and longer polyenes such asfl-carotene, are 
available and have received a great deal of experimental at- 
tention.lVi6 However, the relative complexity of these sys- 
tems often prohibits detailed theoretical analysis and their 
low vapor pressures have precluded studies under isolated, 
collision-free conditions. 

Short diphenylpolyenes, on the other hand, are both sta- 
ble and highly fluorescent and thus amenable to detailed 
spectroscopic and kinetic studies.2R4o Cis- and trans-stil- 
benes have been extensively studied by time-resolved optical 
experiments in solutions, in inert-gas clusters, and as isolat- 
ed molecules.30-32~39-4’ These experiments have followed the 
c&tram photoisomerization on short time scales 
( 10m9-10- ” s) and have provided detailed information on 
how electronic excitation is directed toward photochemical 
channels on excited-state potential surfaces. Ultrahigh-reso- 
lution, rotationally resolved fluorescence excitation spectra 
of trans-stilbene and diphenylbutadiene in molecular beams 
have revealed structural changes following electronic excita- 
tion.42 The ability to study the spectroscopy and photo- 
chemistry of clusters in supersonic beams also has allowed 
investigation of solvation effects on cis-trans isomerization 
in the phenyl-substituted systems. 

(2 ‘A, ) and S, ( 1 ‘B, ) states of several simple tetraenes and 
pentaenes, both as static gases and in supersonic jets. Pre- 
vious gas-phase experiments on octatetraene indicated emis- 
sion solely from the S, ( 1 ‘B, ) state,*‘* ’ while in condensed 
phases rapid electronic and vibrational relaxation results in 
emission only from the S, ( 2 ‘A, ) state. 5-8 The discovery of 
2 ‘A, --+ 1 ‘A, emissions from isolated polyenes and the de- 
velopment of improved synthetic procedures means that the 
structures and dynamics of the 2 ‘A, states of longer po- 
lyenes now can be studied in supersonic expansions with and 
without solvent perturbations. We report here on the dual 
emissions ( 1 ‘B, --+ 1 ‘A, and 2 ‘A, --t 1 ‘A, ) following exci- 
tation of the 1 ‘B, state, the one-photon, 2 ‘A, + 1 ‘A, flu- 
orescence excitation spectrum, and the single vibronic level 
decay kinetics of isolated decatetraene (Fig. 1). These re- 
sults form the basis for more-detailed investigations of the 
spectroscopy and dynamics of 2 ‘A, states in several inter- 
mediate-length polyenes. 

II. EXPERIMENT 

For diphenylbutadiene and longer diphenyl polyenes, 
the forbidden 2 ‘A c 1 ‘A, transition is below the optically 
allowed 1 ‘B u + 1 ‘A, transition. The spectroscopy of these 
systems thus has much in common with that of unsubstitut- 
ed analogs. However, the comparison of fluorescence yields 
reminds us that phenyl substituents have striking effects on 
the photophysical properties of polyenes, and it would not be 
surprising if the photochemistries were similarly affected. It 
thus will be important to extend the experiments on the di- 
phenylpolyenes to unsubstituted polyene systems. 

All-trans-2,4,6,8-decatetraene was prepared from the 
Wittig reaction between hexadienal (Aldrich) and crotyltri- 
phenylphosphonium bromide (“Instant Ylide”; Fluka) . 
Ten grams of the latter was dissolved in 20-30 mL of dry 
tetrahydrofuran and the solution was stirred for 15 min; 3.3 
mL of hexadienal was then added in a dropwise fashion to 
the reaction flask, which was held in an ice bath. After 10 
min the reaction was quenched in a 10% NaOH solution and 
the aqueous layer was discarded. The decatetraene reaction 
mixture was then extracted into warm hexane and chroma- 
tographed on alumina or silica gel columns, using hexane as 
the eluting solvent. Crystalline decatetraene (mp of 137- 
139 “C) was obtained by precipitation from concentrated 
hexane solutions. Typical yields after the first recrystalliza- 
tion were > 50%. Crystalline samples stored in sealed vials 
at - 20 “C were stable for several months. 

Two recent studies have opened the way to more-de- 
tailed experimental investigations of the spectroscopy and 
photochemistry of the intermediate length, unsubstituted 
polyenes. Buma, Kohler, and Song43 have used multiphoton 
ionization techniques to obtain the excitation spectrum of 
the 2 ‘A, t 1 ‘A, transition in several supersonically cooled 
cis-trienes. Extension of these experiments to tram-trienes 
(which have a much weaker 2 ‘A, + 1 ‘A, oscillator 
strength) and dienes would circumvent the problems im- 
posed by the lack of emission in these short polyenes. Paral- 
lel to the multiphoton ionization experiments on the trienes, 
Bouwman et aLi have reported emissions from the S, 

The apparatus for measuring fluorescence excitation 
and emission spectra of molecules in molecular beams under 
isolated conditions and in clusters has been described pre- 
viously.” Briefly, the experimental setup consists of (i) a 
molecular-beam machine, (ii ) an excimer-pumped dye laser 
excitation source, and (iii) emission detection optics and 
electronics. 

A molecular beam of decatetraene was prepared by 
placing 10-50 mg ofall-trans-decatetraene in a trough on the 
bottom flange next to the orifice of the pulsed molecular- 
beam valve, heating the sample to 50-80 “C to achieve suffi- 
cient vapor pressure, seeding it in a carrier gas, and expand- 
ing it through the 0.5 mm orifice of the pulsed valve during 
the 300-400 ps opening of the nozzle. In some cases higher 
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sample temperatures were used, though this generally was 
avoided due to accelerated polymerization of samples at 
higher temperatures. Decatetraene was studied as a free 
molecule by coexpanding the sample with up to 3000 Torr of 
He or in Ar clusters by replacing the He carrier gas with up 
to 3000 Torr of Ar. In He expansions, there was no evidence 
of He-decatetraene clusters or decatetraene aggregates. 
However, Ar, :decatetraene cluster formation occurred 
above -300 Torr of Ar stagnation pressure. At higher Ar 
pressures, the S, -S, origin underwent a considerable red- 
shift due to increasing solvation by Ar. The actual cluster 
composition could not be determined with the present appa- 
ratus. 

The excitation source for fluorescence measurements 
was an excimer-pumped dye laser (Lambda-Physik 
104/2003). The second harmonic of Rhodamine 6G and the 
fundamental ofp-terpheryl dye lasers were used to excite the 
S, and S, states, respectively. The bandwidth of the dye 
laser was - 0.3 cm - I, the pulse width - 10 ns, and the repe- 
tition rate 10 Hz for fluorescence excitation spectroscopy 
and 30 Hz for emission spectroscopy. The excitation intensi- 
ty was carefully controlled with neutral density filters in case 
of S, state excitation in order to avoid saturation of the 
strongly allowed transition. The dye laser wavelength was 
calibrated by measuring the optogalvanic spectrum of a neon 
hollow-cathode lamp. 

The laser beam crossed the molecular beam 7-15 m m  
from the pulsed valve orifice. It was verified that the spec- 
trum and the emission lifetimes did not depend on the noz- 
zle-to-laser beam distance, indicating that at the point of 

interaction the sample had reached its terminal temperature 
and that collisions did not occur on the time scale of the 
measurements. This is crucial due to the long lifetimes of the 
S, state. The focusing of the laser beam was adjusted for 
excitation of the maximum number of molecules in the ob- 
servation region, without saturating the transition. 

The fluorescence was collected with f/l optics and fo- 
cused onto a Hamamatsu Photonics H3 177 photomultiplier 
for fluorescence excitation spectra or onto the slit of a 250 
m m  monochromator for resolved emission spectra. For 
S, -S, excitation spectra, fluorescence from either the S, or 
S, states could be recorded by placing appropriate optical 
filters in front of the photomultiplier tube (PMT). The PMT 
signal was integrated by a Stanford Research Systems box- 
car integrator (SR-250), and the integrated value averaged 
and stored in a microcomputer. Simultaneously, the power 
of the excitation laser was monitored by a photodiode, whose 
signal was integrated with another channel of the boxcar, 
and the output was used to normalize the excitation spectra. 
The fluorescence excitation spectra generally were obtained 
by averaging the signal obtained from 10 excitation pulses 
for each 0.3 cm - ’ scan interval. 

In order to record emission spectra, the fluorescence 
was dispersed with a 590 lines/mm grating blazed at 300 nm 
(used in first order). The spectra were recorde$ with a 700 
channel PAR 1420 optical multichannel analyzer (OMA). 
The resolution of the measured spectra (30 cm - ’ ) was lim- 
ited by the 4 channel ( 100 pm) effective resolution of the 
OMA. The spectra were integrated for up to 10 min at a 30 
Hz excitation rate. 

280 

Decatetraene - Emission spectrum upon excitation of $, origin 
I I 1 I I I I 

320 340 360 

Waveiengthhm 
380 420 

FIG. 2.2 ‘A, -+ 1 ‘A, fluorescence of all-fauns-decatetraene in a free jet following excitation of 1 ‘B, + 1 'A, electronicorigin (287.49 nm). (Resolution = 60 
cm-‘.) 
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Ill. RESULTS AND DISCUSSION 
A. Dual fluorescence following S, -S,, excitation of 
isolated decatetraene 

The emission spectrum obtained upon excitation of the 
S, -So electronic origin (287.49 nm) of isolated, jet-cooled 
decatetraene is given in Fig. 2. This spectrum reveals two 
distinct transitions: a well-resolved emission with an elec- 
tronic origin coincident with the (O-O) of the S, +-S, ab- 
sorption, and an unstructured emission at longer wave- 
lengths. The structured fluorescence is assigned to S, -So 
(1 ‘4, -+ 1 ‘A, ) emission from the electronic origin of 1 'B, . 
This emission shows a close mirror-image relationship with 
the previously published S, -So fluorescence excitation 
spectrum.15 The emission spectrum is dominated by 1190 
and 1650 cm - ’ modes which are assigned to totally symmet- 
ric carbon-carbon single-bond and carbon-carbon double- 
bond stretches. The relative dominance of the electronic ori- 
gin indicates that, as with other long polyenes, the 
geometries of the 1 'B, and 1 ‘A, states are rather similar. In 
addition to the typically strong, carbon-carbon stretching 
modes, we also observe low-frequency modes at 150 and 290 
cm-’ which can be assigned to uB in-plane angle deforma- 
tions. Similar modes have been observed in the 1 ‘B, states 
ofjet-cooled octatetraene ( 197 and 348 cm - ’ ) (Refs. 8 and 
9) and decatetraene ( 132 and 273 cm- ‘),15 though this is 
the first instance where these low-frequency features have 
been observed for the 1 ‘A, state in a free jet. 

The broad, unstructured fluorescence previously had 
been assigned” as S, -S, (2 ‘A, -+ 1 ‘Ag ) emission from 
highly vibrationally excited states ofS’ that are isoenergetic 
and strongly coupled with the zero-point vibrational level of 
S, ( 1 'B, ). The spectral envelope is rather similar to that of 
S, -So emission from vibrationally relaxed decatetraene.5 
The displacement of the Franck-Condon maximum from 
the origin can be ascribed to differences in the C-C and 
C = C bond orders in the 2 ‘A, and 1 ‘A, states. 

The relative intensities of the two emissions were found 
to be independent of the laser power, nozzle temperature, He 
stagnation pressure, and the distance between the nozzle and 
the point where the laser intersects the molecular beam. In 
addition, identical S, -S, fluorescence excitation spectra 
were obtained when separately monitoring the two emis- 
sions. We thus must conclude that both emissions are from 
isolated decatetraenes excited to S, vibronic states, and in 
particular that the broad emission is not due to the formation 
of dimers or excimers in the molecular beam, nor due to 
absorption to spectroscopically distinct S, and S, vibronic 
states. 

These results support our previous interpretation of the 
dual emissions observed in room-temperature, static gas 
samples of decatetraene and several other polyenes.” The 
ratio of the two emissions in the free jet is comparable to that 
observed for the static, room-temperature gas 
(S’ -+S,,/S, -So = 0.7 + 0.2).” This is somewhat surpris- 
ing given the rather different S, vibronic states accessed in 
the jet and static vapor experiments, but consistent with the 
observation of identical S, +S, excitation spectra when 
monitoring either S, or S, emission. Preliminary measure- 

ments of lifetimes indicate < 10 ns decay times for both 
emissions. The S, -S, vibronic linewidths have been used to 
estimate a 0.25 ps lifetime for the zero-point level of 1 'B, ." 
This suggests < 10m4 fluorescence yields for both 1 'B, and 
2 ‘A, which is not unexpected given the 5762 cm - ’ of excess 
energy (the S, - S, energy difference) in the initially excit- 
ed states. More-accurate estimates of lifetimes and quantum 
yields await further study. 

B. Fluorescence following S, -S,, excitation of 
decatetraene/Ar clusters 

We have also studied the fluorescence excitation and 
emission spectra of decatetraene in Ar clusters. The S, -So 
fluorescence excitation spectra shift to the red with increas- 
ing argon stagnation pressure ( > 1700 cm - ’ at PAr = 2 
atm), reflecting the growth in the Ar solvation shell. At high 
stagnation pressures of argon ( - 2 atm), complete solvation 
of decatetraene in large Ar clusters results in rapid electronic 
and vibrational relaxation. The emission is solely from the 
relaxed S, state giving a spectrum (Fig. 3) comparable to 
those obtained in low-temperature glasses.5 The Franck- 
Condon envelopes of these spectra correspond well with the 
broad, red-shifted emission observed for isolated molecules 
and lend further support to the assignments discussed above. 
The fluorescence from argon clusters, though broad, shows 
sufficient vibronic detail to allow the assignment of the elec- 
tronic origin (“false origin”) at 347.6 nm. As expected for 
forbidden transitions, the corresponding solvent shifts of the 
S, tts, spectra are considerably smaller than for the S, ++S, 
transitions.‘,” 

Spectra obtained at lower argon pressures show dual 
emissions, indicating partitioning between complexed and 
uncomplexed decatetraene. At higher stagnation pressures 
the S-state emission vanishes, and the S, --+S, emission 
grows progressively stronger. This suggests that the fluores- 
cence excitation spectra are dominated by the more fluores- 

Decatetraene S,+S,Emission Spectrum in Ar Clusters 

330 
t 

380 
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390 420 
Wavelength/nm 
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450 480 

FIG. 3. 2 'A, -+ 1 'A, f luorescence of all-truns-decatetraene in argon clus- 
ters following .S, -S, ( 1 'A, + 1 ‘B, ) excitation. (Instrumental resolu- 
tion = 30 - cm ‘.) 
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cent, complexed species and that these clusters (along with 
free decatetraene) have similar, Stokes-shifted, S, +S,, 
emission spectra. For larger clusters, decatetraene relaxa- 
tion is complete and the effective temperature is lower, re- 
sulting in the increased resolution of the S, -So emission at 
high argon pressures ( > 2 atm). The S, +S, fluorescence 
lifetimes also are sensitive to cluster size with lower pres- 
sures of argon giving shorter, nonexponential decay times. 
The broader S, +S, fluorescence spectra indicate that these 
samples are considerably warmer than those formed at high 
stagnation pressures, either because the Ar cluster bath is so 
small that S, +S, relaxation results in significant heating of 
the clusters, or because the clusters dissociate before decate- 
traene has fully vibrationally relaxed. These experiments in- 
dicate that the partitioning between S, +S,, and S, -S, 
emissions can be controlled by the argon/decatetraene stoi- 
chiometry and that several argons are required to relax the 
excited decatetraene into the zero-point vibrational level of 
S, . These observations also are consistent with rapid, nonra- 
diative decay of S, decatetraene with high excess vibrational 
energies. 

We thus focus on clusters in the “high-pressure” limit 
( PAr > 2 atm), where the decatetraene fluorescence appears 
to be insensitive to clustersize. In this limit the fluorescence 
is well described by single-exponential kinetics with a decay 
time of 360 ns. This, the longest emission lifetime observed in 

a linear polyene, confirms that the fluorescence is symmetry 
forbidden, as expected for the 2 ‘A, -+ 1 ‘A, transition of an 
all-tram polyene (cis isomer impurities would have consid- 
erably shorter S, lifetimes due to loss of the inversion cen- 
ter) . Previous measurements5 of fluorescence lifetimes and 
quantum yields of all-truns-decatetraene in isopentane at 
room temperature ( rr = 5 ns, #f = 0.01) and at 77 K 
(rf = 100 ns, r$f = 0.2) indicate an intrinsic radiative life- 
time of - 500 ns. Comparison between solution, cluster, and 
isolated molecule lifetimes is complicated by differences in 
quantum yields and in the 1 ‘B,-2 ‘A, energy separation 
(and expected differences in intensity borrowing through 
vibronic mixing’ > in different solvent environments. Never- 
theless, the 360 ns lifetime suggests a large fluorescence yield 
(0.5-l .O) for the decatetraene/argon clusters. 

C. 2 ‘A g + 1 ‘A, fluorescence excitation spectrum of 
isolated decatetraene 

Figure 4 gives the free-jet, S, -S, fluorescence excita- 
tion spectrum of decatetraene in the 1350 cm - ’ region above 
the apparent “origin” at - 344.57 nm. An expanded view of 
the vibronic levels of this transition is given in Fig. 5. The 
most striking feature of the spectrum is the rich, rather com- 
plicated development of low-frequency vibronic bands, par- 
ticularly the splitting of most bands into triplets. The free-jet 

300 

860 660 400 

Energy Shift from FOl I cm” 

FIG. 4.2 ‘A, - 1 ‘A, fluorescence excitation spectrum and single vibronic level fluorescence lifetimes of alhans-decatetraene in a free jet (O-1350 cm- ‘). 
Fluorescence lifetimes are fit to a simple vibronic coupling model, T = ( AE/I’)’ (see text). 
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excitation spectrum of decatetraene thus contrasts previous, 
condensed-phase polyene spectra in which the 2 ‘A, + 1 ‘A, 
transitions are dominated by combinations of high-frequen- 
cy, carbon-carbon stretching modes.1*6~7V’3~14 Tentative as- 
signments of the most prominent, low-energy S, -SO vi- 
bronic features are provided in Table I. Also included in this 
table are the fluorescence lifetimes of most of the vibronic 
bands. 

The excitation spectrum is complicated by the symme- 
try-forbidden nature of the transition which requires that 
vibronic intensity be built on “false” origins. Analysis of the 
S, -SO absorption in decatetraene thus rests on the correct 
identification of the false origins and an understanding of the 
mechanisms by which the transition is made allowed. Pre- 

vious high-resolution absorption and emission experiments 
on several model polyenes (including decatetraene) in 
mixed crystals provide useful guides.‘*6.‘3*‘4*45*46 Under con- 
ditions (site symmetries) that preserve the g and II symme- 
try labels, polyene 2 ‘A ,c+l ‘A, spectra exhibit the classic 
patterns of Herzberg-Teller vibronic coupling. The spectra 
are characterized by forbidden origins with spectral intensi- 
ties being built on low-frequency b, vibrations which induce 
mixing between the 2 ‘A, and 1 ‘B, electronic states. Pre- 
vious work on the fluorescence excitation spectra of decate- 
traene in 4.2 K n-undecane leads to the identification of a 72 
cm- ’ Herzberg-Teller promoting mode in the 2 ‘A, state.’ 
A similar mode has been observed in octatetraene46 with the 
lower reduced mass resulting in a somewhat higher frequen- 

a a 4 2 0 -2 -4 

Energy Shift from FOI I cm“ 

0.8 

,, 
5 '=o 0.6 

z 

f 
; 0.4 
z 
0 

600 500 400 31 
Energy Shift from FOI I cm” 

FIG. 5. Expanded views of low-energy vibronic transitions in the 2 ‘A, + 1 'A, fluorescence excitation spectrum of aZZ-trans-decatetraene in a free jet. Note 
that the expanded intensity scales of the lower panels. The inset gives an expanded view of false origin 1 (FOl) at a stagnation pressure of 4000 Torr helium 
and a laser step size of 0.04 cm - ‘. 

J. Chem. Phys., Vol. 95, No. 7, 1 October 1991 

Downloaded 30 Jan 2004 to 137.99.123.42. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Petek et&: Fluorescence of decatetraene 4745 

0.8 
1 

0.0 

1000 900 800 700 
Energy Shift from FOI I cm-’ 

0.5 

0.0 ;  1 I  , ,  ,  I ,  I , ,  ,  ( ,  1, ,  ,  ,  ,  ,  ,  1 ( ,  ,  ,  ,  I  ( ,  ,  ,  ,  I ,  I ,  

1400 1300 1200 1100 II 
Energy Shift from FOl I cm” 

FIG. 5. (Continued). 

cy (93 cm - ’ ). Normal-mode calculations on these systems 
identify the low-frequency vibrations as b, in-plane skeletal 
bends of the polyene chain. 4749 The analysis of the excita- 
tion spectrum of isolated decatetraene indicates an analo- 
gous low-frequency promoting mode ( vHT>65 cm- ’ ) that 
is identified as “false origin 2” (F02) in Table I. This mode 
plays an important (though by no means dominant) role in 
the low-frequency vibronic development of the 2 IA, + 1 ‘A, 
transition and also is seen in combination with the 1232 
cm-‘, carbon-carbon single-bond-stretching mode. Vi- 
bronic transitions built on F02 typically appear as sharp, 
well-defined “singlets.” Our inability to observe the symme- 
try-forbidden electronic origin (O-O) precludes a more-ac- 
curate measurement of the frequency of this vibration, 
though, as will be seen below, there are reasons to estimate 
an upper bound of 70 cm- I, in good agreement with the b, 

10 

mode observed in the decatetraene/undecane mixed crys- 
tal.5 

Assignment of the other major false origin system 
(“false origin 1”; FOl in Table I) for isolated decatetraene is 
not as straightforward. The lowest-energy feature in the 
2’A,+ 1 ‘A, excitation spectrum consists of a “triplet” of 
peaks at 29 019, 29 022, and 29 025 cm - ’ with the triplet 
showing indications of additional fine structure (see inset of 
Fig. 5.). This triplet pattern is repeated for most of the other 
bands in the spectrum. The additional fine structure could 
not be fully resolved in our experiment (due to a limiting 
resolution of 0.3 cm - ’ > and most likely is due to rotational P 
and R branch envelopes. We have identified the low-energy 
triplet of peaks (the strongest bands in our spectrum) as a 
false origin that is induced by coupling between the elec- 
tronic motion and the hindered rotation of the terminal 
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TABLE I. Band maxima in the free-jet 2 ‘A, + 1 ‘A, fluorescence excitation spectrum of all-truns-2,4,6,8- 
decatetraene. 

Frequency (cm - ’ ) ’ Assignment Lifetime (ns) 

0 (29 022 cm-‘) (b, jb 
63 (b,) 
139 (a,) 
203 (a,) 
223 (a,) 
259 (b,) 
266 
329 (a,) 
342 
387 
400 
416 (a,) 
461 
474 
484’ 
529’ 
539’ 
601’ 
613’ 
673’ 

7w 

804 (as) 
806’ 

850 (a,) 
852’ 
905 (U8) 
988 (b,?) 
1232 (a,, C-C) 
1294 

FOl 
F02 
FOl + 139 
FOl + 203 
FOl + 223 
F03 
F02 + 203 
FOl + 329 (FO2 + 266) 
FOl + 139 + 203 
F02 + 329 
F03 + 139 
FOl + 416 
F03 + 203 
F02 + 416 
F01 + 2( 139) + 203/‘FO3 + 223 
FOl + 203 + 329 
F03 + 2( 139)/FOl + 139 + 2(203) 
FO3+ 139+203 
F03 + 139 + 223/FOl + 203 -t 416 
FOl + 2( 139) + 2(203)/FO3 + 3( 139) 
(F02 + 203 + 416) 
FOl + 139 + 3(203)/FO3 + 2( 139)/ 
FOl +329+416 
FOl + 804 
FOI + 3( 139) + 2(203)/FO3 + 4( 139) 
(F02 + 139 + 203 + 416) 
FOl + 850 
FOl + 2( 139) + 3(203)/FO3 + 3( 139) + 203 
FOl + 905 
F04(?) 
FOl + 1232 
F02 + 1232 

344 
339 
344 
321 
318 
318 
316 
301 
298 
292 
290 
285 
271 
269 
276 
260 
261 
251 
252 
243 

239 

230 

228 

231 
221 
190 
184 

‘Frequencies of peaks are measured relative to the band maximum of false origin 1 (FOl has an absolute value 
of 29 022 cm - ‘.) The precise location of the electronic origin (0-O) is not known. For purposes of simplifica- 
tion, only the maxima of each set of “triplets” is given in this table. 

bDenotes symmetry ofvibrations, assuming that 2 ‘A, is described by the C,,, point group. As noted in the text, 
some a, vibrations may involve double quanta or combinations of nontotally symmetric normal modes (e.g., 
a, orb,). 

cThese bands are broad and most likely are due to the overlap of two or more of the combination bands 
indicated in the table. 

methyl groups. Such couplings have not previously been in- 
voked in discussions of polyene spectra. However, there is 
ample precedence for this effect in the supersonic jet spectra 
of several methyl-substituted benzenes5G53 and fluoro- 
toluenes.s4 The spectra of these molecules are characterized 
by an analogous flne structure, typically within 100 cm - ’ of 
the S, ti,S, electronic origins, that can be assigned to transi- 
tions associated with the internal rotation of the ring methyl 
groups. Furthermore, these spectra can be accounted for 
quantitatively by changes in the barriers to rotation in going 
from the ground to excited electronic states.53’54 Of particu- 
lar interest are the experiments of Ito and co-workers on the 
electronic spectroscopy ofjet-cooled 1,3,%rimethylbenzene 
(mesitylene) .50*5’ Mesitylene, like decatetraene, has a sym- 
metry-forbidden S, -So transition and the O-O band thus 
does not appear in the spectrum. A triplet of low-frequency 
bands appears on the high-energy side of the forbidden O-O, 
suggesting strong coupling between the electronic motion 

and methyl internal rotation. Totally symmetric vibrations 
form progressions on the low-frequency triplet as well as on 
a second, vibronically induced ( Herzberg-Teller coupling) 
false origin for which a single, sharp peak is observed. The 
two sets of bands in the electronic spectrum of mesitylene 
thus are remarkably similar to the progressions we have as- 
signed to the two false origins in isolated decatetraene. 

The appearance of methyl torsional fine structure in the 
free-jet spectra of substituted benzenes is due to the modest 
barriers to internal rotation in the ground and excited states 
of these systems.53p54 Indeed, in molecules such as toluene 
where methyl groups are bonded to a framework of twofold 
symmetry, the energy levels associated with rotation are es- 
sentially those of a free rotor.5’ This gives rise to the ex- 
tended ( 10-200 cm- ‘) methyl torsional structure seen in 
the free-jet S, -S, spectra of the methyl-substituted ben- 
zenes.5(1-53 In decatetraene, we also observe some complex 
clumps of weak transitions within 100 cm - ’ of FOl. These 
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also may be associated with methyl torsions. However, the 
data on short trans-polyenes such as propene,56 isoprene,” 
and 1 ,3-pentadiene5’ indicate that these molecules have 
large (600-700 cm - ’ ) ground-state barriers to methyl rota- 
tion. The resulting ground-state tunneling splittings thus are 
too small to detect in our experiments. The appearance of 
fine structure in the S1 -Se transition of decatetraene would 
require a reduction of the rotational barriers in the 2 ‘A, 
state to < 200 cm - ‘.53,55 

A significant reduction in the barrier to methyl rotation 
in the 2 ‘A, state of decatetraene might be due to a combina- 
tion of the following: (i) Decreased repulsions between the r- 
symmetry orbitals on the CH, groups ( QT,-~, ) and the v orbi- 
tals on the terminal c---C bonds (ecu ) due to the 
predicted bond-order inversion between C&C and C-C 
bonds in going from the ground state to 2 ‘Ag. Such rear- 
rangements are predicted by theory49*59-62 and are indicated 
by the extended Franck-Condon envelopes seen in the 
S, -Se emission spectrum in the Ar clusters (Fig. 3). (ii) 
Attractive interactions between the vacant rr& and n& 
orbitals.63 If the fine structure seen in the S, -S,, excitation 
spectrum is due to hindered rotation, then the electronic 
origin (O-O) must lie within a few cm - ’ of the lowest energy 
feature at 29 019 cm-‘. For the purposes of this paper, we 
have arbitrarily assigned the most-intense spectral feature in 
the lowest-energy triplet (29 022 cm-‘) as the zero of vi- 
bronic energy in 2 ‘A, (see Table I). It should be stressed, 
however, that the precise location of the electronic origin has 
not been determined at this time. 

Another possibility to consider is that the triplet of 
peaks centered at 29 022 cm - ’ is due to a second b, Herz- 
berg-Teller promoting vibration that is merely modulated 
by the methyl rotations. However, previous experiments and 
normal-mode calculations on molecules such as octate- 
traene and decapentaene (reduced mass comparable to that 
of decatetraene) argue against this assignment. Four b, pro- 
moting modes (93, 463, 538, and 1054 cm-‘) have been 
identified in the 2 ‘A, c 1 ‘A, mixed-crystal spectrum of oc- 
tatetraene.46 These frequencies are reasonably well account- 
ed for by theory,47-‘9 which predicts corresponding modes at 
lower frequency in molecules such as decapentaene (62,282, 
497, and 553 cm-’ in 1 ‘A,) and decatetraene.47 It thus 
would be difficult to rationalize two 6, promoting vibrations 
separated by 63 cm - ‘, since one of these must be the coun- 
terpart of the lowest-frequency b, modes that play such 
dominant, well-documented roles in the condensed phase, 
2’A,+- 1 ‘4, transitions of several model polyenes. Finally, 
the almost identical lifetimes of the peaks assigned to FOl 
and F02 (see Table I) confirm that they belong to the same 
transition of the same molecule and that they cannot be due 
to different conformers or isomers of decatetraene. 

Further analysis of the spectrum suggests that the peak 
259 cm - ’ above FO 1 should be assigned to a second Herz- 
berg-Teller false origin ( F03 ) . This (like F02) appears as a 
single, sharp peak and thus cannot be easily reconciled with 
an ag vibration built on the FOl triplet. This most likely is a 
counterpart of the 463 cm- ” b, mode observed in the 
2 ‘A,+ 1 ‘A, spectrum of condensed-phase octatetraene46 

and predicted at 282 cm- ’ in ground-state decapentaene.47 
Progressions built on this mode appear at higher frequencies 
(see Table I) and contribute to the spectral congestion for 
vibronic energies > 400 cm - ’ . 

Analysis of the remainder of the 2 ‘A, c 1 ‘A, excitation 
spectrum primarily rests on numerology and the character- 
istic triplet and singlet structure of progressions built on the 
two types of false origins. In order to simplify the presenta- 
tion of the spectrum, only the maximum of each of the “tri- 
plets” is given in Table I. We first focus on the low-energy 
region (O-800 cm-‘). As shown in the table, almost all of 
the prominent, low-frequency vibronic features seen in Figs. 
4 and 5 can be assigned to simple combinations of the follow- 
ing frequencies: 139,203, 223, 329, and 416 cm-‘. The fact 
that these frequencies appear both as single and double 
quanta indicates ag symmetries for these vibrations. (This 
analysis assumes that decatetraene retains its C,, symmetry 
in the 2 ‘A, state. ) However, normal-mode calculations sug- 
gest that some of these frequencies are double quanta or 
combination bands of nontotally symmetric fundamentals 
(a, or 6,). Two of these modes are most likely the 2 ‘A, 
counterparts of the a, vibrations that are active in the 
1 ‘B, t 1 ‘A, absorption (132 and 273 cm- ‘) (Ref. 15) and 
in the 1 ‘B u + 1 ‘A, emission ( - 150 and 290 cm - ’ ) , Gavin 
and Rice4’ predict ag in-plane bends of 158 and 299 cm - ’ 
for ground-state decapentaene, within the range of vibra- 
tions we have observed for isolated decatetraene. (Decapen- 
taene and decatetraene should have comparable low-fre- 
quency, skeletal bending modes due to similar reduced 
masses and force constants.) However, the next ag vibration 
is calculated at 425 cm - ’ (535 cm - ’ in octatetraene) .47-49 
This strongly implies that at least two of the low-frequency 
vibrations given above involve nontotally symmetric vibra- 
tions. There are several low-frequency, a,, and b, candidates, 
including modes that involve methyl torsions as well as tor- 
sions about carbon-carbon single and double bonds. How- 
ever, positive identification of these vibrations (as well as 
many of the low-frequency ag and 6, modes) awaits calcula- 
tion of the decatetraene 1 ‘A, and 2 ‘A, normal modes. 

It should be stressed that the analysis given in Table I 
uses the minimum number of low-frequency modes to ac- 
count for the bulk of the S, -S,, excitation vibronic intensi- 
ty. The triplet fine structure of progressions built on FOl, 
the number of low-frequency modes, and the approximate 
coincidence between FOl + 203 cm - ’ and F02 + 139 
cm-’ contribute to a rather complex spectrum. The com- 
plexity and broadness of the spectrum given in Fig. 5 does 
not preclude the existence of other low-frequency (300-800 
cm-‘) modes that could not easily be distinguished from 
combination bands of the modes listed above. These modes 
would add to the list of low-frequency, nontotally symmetric 
vibrations that are active in the spectrum. 

Finally, we consider vibronic bands 800-1350 cm-’ 
above the 2 ‘A, +-- 1 ‘A, origin. As shown in Figs. 4 and 5, 
there are several sharp features in the spectrum that are most 
plausibly assigned to fundamentals. Methyl rocking modes 
(both ag and b, ) and additional in-plane, 6, skeletal bend- 
ing modes are logical candidates for this frequency range, 
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though it is not possible to make specific assignments at pres- 
ent. The totally symmetric, carbon-carbon, single-bond- 
stretching mode appears both as a triplet (FOl + 1232 
cm - ’ ) and as a singlet (F02 + 1232 cm - ’ ) . Carbon-car- 
bon stretching modes are a well-known signature of polyene 
spectroscopy and are a consequence of the rearrangement of 
abond orders upon electronic excitation. On the other hand, 
methyl rocking vibrations typically do not play a significant 
role in the vibronic spectra of polyenes. Their strong activity 
in the 2 ‘A, c 1 ‘A, spectrum of decatetraene reinforces our 
conclusion that the torsional motions of the methyl groups 
promote coupling between the 2 ‘A, and 1 ‘B, states and 
suggests distortion along these coordinates in 2 ‘A,. 

sensitivity of nonradiative decay rates on the solvent envi- 
ronment and internal energy of the decatetraene. This also 
suggests that the fluorescence yield of free decatetraene is 
less than unity, which might help explain the difference be- 
tween the -340 ns free-molecule lifetime and the 500 ns 
lifetime predicted from lifetime and quantum yield measure- 
ments of decatetraene in room-temperature solution.5 

IV. SUMMARY AND CONCLUSION 

D. Fluorescence lifetimes of 2 ‘A, vibronic levels in 
isolated decatetraene 

Fluorescence lifetimes for individual vibronic levels are 
listed in Table I and plotted in Fig. 4. Lifetimes of the false 
origins are comparable to those obtained for vibrationally 
relaxed molecules in argon clusters ( -360 ns) and again 
indicate both relatively high fluorescence quantum yields 
and weak, symmetry-forbidden transitions, as expected for 
all-trans-decatetraene. The relatively smooth falloff in life- 
times further indicates that all of these vibronic features are 
associated with the same electronic transition and eliminates 
the possibility that some parts of the spectrum might be as- 
signed to conformers or isomers without inversion centers. 

The emission lifetimes of individual 2 ‘A, vibronic lev- 
els decrease with increasing energy above FOl . This is most 
easily explained by an increase in vibronic coupling as the 
& - S, energy difference decreases. Intensity borrowing 
between the 2 ‘A, .- 1 ‘A, and 1 ‘B, + 1 ‘A, transition is well 
documented for polyenes in solution, 1P64 and has been used 
to explain the level-dependent fluorescence lifetimes of di- 
phenylbutadiene and diphenylhexatriene in supersonic ex- 
pansions.28r29 The absorption strength of the 2 ‘A, + 1 ‘A, 
transition thus should increase inversely with the square of 
the energy separation (AB) between the 2 ‘A, and 1 ‘B, 
states. As seen in Fig. 4, the 2 ‘A, vibronic lifetimes of deca- 
tetraene are well accounted for by this simple model 
[ r = ( AE/IY ) 2, where I? is a measure of vibronic coupling 1. 
The fit indicated in Fig. 4 gives a r of 7.6 X lOI cm - ’ s - ’ 
which is comparable to r’s obtained from analysis of the 
solvent-dependent lifetimes of diphenylhexatriene and all- 
trans retinal.@ Assuming a 1 ‘B, +. 1 ‘A, oscillator strength 
of 1 .OO and taking an average frequency of the 2 ‘A, + 1 ‘A, 
transition as 29 000 cm - ’ yields a vibronic coupling matrix 
element of 560 cm-‘. (Compare 555 and 149 cm-’ in di- 
phenylhexatriene and retinal.@ ) 

The discovery of 1 ‘B, + 1 ‘A, and 2 ‘A, -, 1 ‘A, emis- 
sions in gaseous tetraenes and pentaenes15 means that both 
the 1 ‘B, and the 2 ‘A, states of isolated polyenes can be 
investigated using fluorescence excitation techniques. Mea- 
surements on decatetraene have provided the first detailed 
look at the vibronic structure and kinetics of the 2 ‘A, state 
of an all-trans polyene under isolated molecule conditions. 
The ability of polyenes to undergo large-amplitude motions 
is reflected in the important roles played by low-frequency 
vibrations in the electronic spectra. This is particularly evi- 
dent in the weak, symmetry-forbidden 2 ‘A, +- 1 ‘A, transi- 
tion which is dominated by progressions of low-frequency 
modes. Normal coordinate calculations indicate that some 
of these low-frequency vibrations may involve out-of-plane 
modes (a, and b, ) which involve carbon-carbon torsion 
internal coordinates. Such modes are of obvious interest in 
understanding the transwis photochemistries of polyene 
systems. The low-frequency progressions are built on false 
origins that can, in turn, be assigned to low-frequency ( - 65 
and 265 cm - ’ ) 6, promoting modes which mix the 2 ‘A, 
and 1 ‘B, states. In addition, it appears that the torsional 
and rocking motions of the terminal methyl groups also are 
strongly coupled to the electronic motion. The vibronic 
states have long fluorescence lifetimes ( - 350 ns for the false 
origins) as expected for the symmetry-forbidden, vibroni- 
tally induced, 2 ‘A, -* 1 ‘A, transition of an all-tram po- 
lyene. 

Considering the above arguments, it perhaps is surpris- 
ing that the free molecule and Ar cluster lifetimes are so 
similar. The smaller S, - S’ energy difference for the Ar 
clusters (4300 cm - ’ vs 5800 cm - ’ for the free molecule) 
should almost double the fluorescence decay rate. The com- 
parable fluorescence lifetimes of the clusters and isolated 
decatetraene is most likely due to higher fluorescence yields 
in the clusters. This is not unexpected given the expected 

The flexibility of polyenes distinguishes them from aro- 
matic systems and clearly is an important factor in their 
unique ground- and excited-state chemistries. However, the 
important role of large-amplitude motions has not previous- 
ly been observed in the electronic spectroscopy of polyenes 
in solutions and crystals where lattice and phonon modes 
tend to obscure rotations and low-frequency vibrations. The 
connection between methyl torsions and the coupling be- 
tween electronic states also has not been noted in polyene 
spectroscopy, though there is precedence for this observa- 
tion in the spectroscopy of small molecules such as biace- 
ty165 and in several methyl-substituted benzenes.5G53 Cou- 
pling of the methyl torsions to carbon-carbon torsions and 
other low-frequency modes appears to be strong and perhaps 
plays an important role in accelerating cis-trans isomeriza- 
tion in these model polyene systems. 

The free-jet, two-photon, S, -+S, fluorescence excita- 
tion spectrum and S, -S, fluorescence spectra from single 
vibronic levels of 2 ‘A, would be useful in confirming our 
spectral assignments as well as providing insights on the role 
of intramolecular vibrational redistribution (IVR) in these 
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systems. Extension of our experiments to nonatetraene and 
octatetraene is in progress and should lead to a better under- 
standing of the role of substituents and the effect of reduced 
symmetry on the spectroscopy and dynamics of these mole- 
cules. The increase in the ratio of S, -So/S2 -S,, fluores- 
cence intensities in gaseous pentaenes indicates that fluores- 
cence and fluorescence excitation techniques should allow 
similarly detailed studies of the 2 ‘A, states of longer po- 
lyenes in supersonic molecular jets, both as isolated mole- 
cules and in solvent clusters. 

The free-jet experiments described in this paper also 
raise several theoretical issues. For example, normal coordi- 
nate calculations on the 1 ‘Ag ,2 ‘Ag , and 1 ‘B, states of de- 
catetraene, nonatetraene, and related molecules would 
greatly facilitate the analysis of the vibronic spectra and lead 
to a better understanding of the low-frequency vibrations. 
Estimates of barriers to internal rotation and h-tram iso- 
merization in the ground and excited states of these mole- 
cules also are of considerable interest. The apparently strong 
interactions between the IT electrons and the methyl rota- 
tions clearly deserve further study. Any accounting of the 
triplet pattern observed for the false origin (Fig. 5) will re- 
quire use of the full molecular symmetry group,66 and in the 
case of decatetraene should consider possible couplings be- 
tween the two methyl rotors.67*68 The distinctive structure 
and splittings of these peaks should provide useful bench- 
marks for evaluating theoretical descriptions of the 2 ‘A, 
states in model polyenes. 
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