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quenching of fluorescence. Similar effects should enhance N\ AN\ AN\ N\

internal conversion from 1 ‘B, to 2 '4,. A nonplanar 2 '4,
state thus should promote the nonradiative relaxation of the
initially excited 1 'B, state by internal conversion. For long- 2,4,6,8-decatetraene
er polyenes, more planar 2 'A, states result in slower rates of
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Even though polyenes longer than hexatriene fluoresce,
i modal cyaterg baue ro i “ydind A
- T &4 T c verRrSIIpIC tetr ey e
l.sl’ lbnlp arthls ue;gﬁ'; elta itt at :hey are no; com.rfr‘l er.CIatlllly pentaenes, both as statlc gases and in supersonic jets. Pre-
avarable anc are dificult to synthesize and purity in the vious gas-phase experiments on octatetraene indicated emis-
amounts required to carry out extensive vibrational and elec-

. . ) A ) sion solely from the S, (1 'B, ) state,®!! while in condense
tronic studies, particularly in molecular beams. Certain nat- Y 2 ( “‘) . . .d
.. . phases rapid electronic and vibrational relaxation results in
ural products, most notably derivatives of the visual chro- . 1 s5-8 .
. emission only from the S, (2 '4,) state.>® The discovery of
mophore retinal and longer polyenes such as S-carotene, are &

. . .. :
available and have received a great deal of experimental at- 2 IA g1 tAgf e mlssmr;s frogll 1ts.olated ;()jolyenes and t;hi :1he A
tention.' However, the relative complexity of these sys-  'o opmentolimproved synthetic procedures means that the
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OW vapor pressures have precluded studies under isolated,
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FIG. 1. All-trans-2,4,6,8-decatetraene.
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tation of the 1 'B,, state, the one-photon, 2 '4, —1'4, flu-

ble and hlghly fluorescent and thus amenable to detalled -2 : 3 :
orescence excitation spectrum, and the single vibronic level

je_and kinetig stndies 2 (Vs and rrans-stil-
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spectroscopy and dynamics of 2 "4, states in several inter-

ed molecules.’®*>?>*! These experiments have followed the ¢
mediate-length polyenes.

cis-trans  photoisomerization on short time scales
(107°-10~"*s) and have provided detailed information on
how electronic excitation is directed toward photochemical Il. EXPERIMENT
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ed analogs. However, the comparison of fluorescence yields 139 °C) was obtamed by precnpltatlon from concentrated
———gi 05 15 halepbenuloubotinantebonosicilkinoatonk ittt et e el o .,

the photophysical properties of polyenes, and it would not be tlon were > 50%. Crystalline samples stored in sealed vials
surprising if the photochemistries were similarly affected, It 31=20 °C were stahle for several manthe

1 WO recent studies nave openea the way to more-de- isolated conditions and in clusters has been described pre-
tailed experimental investigations of the spectroscopy and viously.** Briefly, the experimental setup consists of (i) a
photochemistry of the intermediate length, unsubstituted  molecular-beam machine, (ii) an excimer-pumped dye laser

olyenes. Buma, Kohler, and Song** have used multinhoto xcifat urce and (i) emissing datertign ootiar end

the 2 '4, — 1 '4, transition in several supersonically cooled A molecular beam of decatetraene was prepared by
cis-trienes. Extension of these experiments to trans-trienes  placing 10-50 mg of all-trans-decatetraene inatroughon the
(which have a much weaker 2 1A8 -1 ‘Ag oscillator ~ bottom flange next to the orifice of the pulsed molecular-
strength) and dienes would circumvent the problems im-  beam valve, heating the sample to 50-80 °C to achieve suffi-
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i
Me S THe SU0—200 /45 Opening of the nozzle. In some cases Nigner
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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
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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.
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However, Ar,:decatetraene cluster formation “occurred
above ~ 300 Torr of Ar stagnation pressure. At higher Ar

1ra
cused onto a Hamamatsu Photonics H3177 photomultiplier
for fluorescence excitation spectra or onto the slit of a 250
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fundamental of p-terpheryl dye lasers were used to excite the
S, and S, states, respectively. The bandwidth of the dye

¢

of the excitation laser was momtored bya photodlode, whose
signal was mtegrated with another channel of the boxcar,

and 30 Hz for emission spectroscopy. The excitation intensi-

ty was carefully controlled with neutral densny filters in case
M ad® e

by averaging the signal obtained from 10 excitation pulses
for each 0.3 cm ~ ! scan interval.
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zle-to-laser beam distance, indicating that at the point of

Hz excitation rate.

Decatetraene - Emission spectrum upon excitation of S, origin
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FIG.2.2'4, -1 'A, fluorescence of all-trans-decatetraene in a free jet following excitation of 1 'B, « 1 ', electronic origin (287.49 nm). (Resolution = 60

em~ L)
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A. Dual fluorescence following S, ~ S, excitation of

—jselated deeatetroenc-

The emission spectrum obtained upon excitation of the

AISUNCE Lrdansiilons: a wcell-resolvea CHiIss10on witn an elec-
tronic origin coincident with the (0-0) of the S, S, ab-
sorption, and an unstructured emission at longer wave-
lengths. The structured fluorescence is assigned to S, — S,

A Gl ' 4\ porigeie el aar=thre T W il I8 D

LIS UL USUIECD LBUICALE < 1V Hd USlay ulIes 101 vutll
emissions. The S, .S, vibronic linewidths have been used to
estimate 2 0.25 ps lifetime for the zese point loval ef 112, .15
This suggests < 10~ * fluorescence yields for both 1 'B, and
2 '4, which is not unexpected given the 5762 cm ~ ! of excess

yields await further study.

B. Fluorescence foliowing S, — S, excitation of
decatetraene/Ar clusters
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P

TIC caroon—caroon smgle—bonu and carbon—carbon double-
bond stretches. The relative dominance of the electronic ori-

stagnation pressures of argon ( ~2 atm), complete solvation
of decatetraene in large Ar clusters results in rapid electronic

_&:ateé Eh?iﬁs with other lano naoluenes  the

T

I

rnodes, we also observe low-frequency modes at 150 and 290
! which can be assigned to a, in- plane angle deforma-

he 1 !B states

==

1hose obtained In low-iemperature glasses.” Ihe bFranck—
Condon envelopes of these spectra correspond well with the
broad red-shlfted emission observed for isolated molecules

= -t gl _‘P — a3 4

9) and decatetraene (132 and 273 cm~"),” though this is

The broad, unstructured fluorescence prev1ously had
been assigned'® as S, -S; (2'4,-1'4,) emission from
highly vibrationally excited states of S, that are isoenergetic
and strongly coupled with the zero-point vibrational level of

sufficient vibronic detail to allow the assignment of the elec-

. [l . - V&-—:
forbidden transitions, the corresponding solvent shifts of the
S, S, spectra are considerably smaller than for the S, <»S,
transitions,"!?

Spectra obtained at lower argon pressures show dual

The displacement of the Franck—Condon maximum from

the origin can be ascribed to differences in the C-C and

o~ Nl amd awd HPS . T W a1 e .o,

emissions, indicatin& gartitionin% between complexed and

S —y T

grows progressrvely stronger Thrs suggests that the fluores-
cence excitation spectra are dominated by the more fluores-

10 0€ 1INAacpenacnt 01 Lne 1as€r power, NOZzi€ iemperaiure, rie
stagnation pressure, and the distance between the nozzle and
the point where the laser intersects the molecular beam. In
addition, identical S, <S5, 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, =S, = 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, <S8, excitation spectra when
monitoring either S, or S, emission. Preliminary measure-

Decatetraene S>> S Emission Spectrum in Ar Clusters

T T T T T

Emission Intensity

330 360 390 420 450 480
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FIG. 3.2'4,—~1'4, fluorescence of all-trans-decatetraene in argon clus- |
ters following S, ~S, (1'4,—1'B,) excitation. (Instrumental resolu-
tion=30cm ")
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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, — S, 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.
ra indicate that these

\ugnaganfi -t thH thalp-aees- o AL

all-trans polyene (cis isomer impurities would have consid-
erably shorter S, lifetimes due to loss of the inversion cen-
ter). Previous measurements® of fluorescence lifetimes and
quantum yields of all-trans-decatetraene in isopentane at
room temperature (7,=35 ns, ¢,=0.01) and at 77 K
(1, =100 ns, ¢f =0.2) indicate an intrinsic radiative life-
time of ~ 500 ns. Comparison between solution, cluster, and

R — 4

The broader S, — S, fluorescence spect

nasng b fu“nij{' <atingllv celaved Thoce o
emissions can be controlied Dy the argon/decatetraence stol-
chiometry and that several argons are required to relax the
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is well described by single-exponential kinetics with a decay
time of 360 ns. This, the longest emission lifetime observed in
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plicated development of low-frequency vibronic bands, par-
ticularly the splitting of most bands into triplets. The free-jet
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cy, carbon—carbon stretching modes.!"%”!14 Tentative as-  ditions (site symmetries) that preserve the g and u symme-
signments of the most prominent, low-energy S, «S, vi-  try labels, polyene 2 'A,«>1 '4, spectra exhibit the classic
bronic features are provided in Table I. Alsoincluded in this  patterns of Herzberg-Teller vibronic coupling. The spectra
table are the fluorescence lifetimes of most of the vibronic  are characterized by forbidden origins with spectral intensi-

try-forbidden nature ot the transition which requires that VIOUS WOIK On the rnuorescence €Xxcration spectra or aecate-
vibronic intensity be built on “false” origins. Analysis of the  traenein 4.2 K n-undecane leads to the identification of a 72
ST=S55absorption in decatetraemetiras rests-onche corrcet—ern—- lerzberg—Telier premotin de in the 24 state.’
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FIG. 5. Expanded views of low-energy vibronic transitions in the 2 '4, — 1 '4, fluorescence excitation spectrum of all-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 (FO1) at a stagnation pressure of 4000 Torr helium
and a laser step size of 0.04 cm ~ .
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FIG. 5. (Continued).

i#m‘ :
10n spectrum of 1solal

v . e A UT1Y - av

* -4 8 e
plays an important (though by no means dominant) role in peaks at 29 019, 29 022, and 29 025 cm ~! with the triplet
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bronic transitions built on FO2 typically appear as sharp,  not be fully resolved in our experiment (due to a limiting
well-defined “singlets.” Our inability to observe the symme- resolution of 0.3 cm ~ ') and most likely is due to rotational P
try-forbidden electronic origin (0-0) precludes a more-ac- and R branch envelopes. We have identified the low-energy
curate measurement of the frequency of this vibration, triplet of peaks (the strongest bands in our spectrum) as a
though, as will be seen below, there are reasons to estimate  false origin that is induced by coupling between the elec-

an upper bound of 70 cm ~*, in good agreement with the b,  tronic motion and the hindered rotation of the terminal
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TABLE 1. Band maxima in the free-jet 2 '4, — 1 '4, fluorescence excitation spectrum of all-trans-2,4,6,8-

decatetraene.
Frequency (cm~')® Assignment Lifetime (ns)
0(29022cm™%) (b,)° FO1 344
63 (b,) FO2 339
139 (a,) FOI1 + 139 344
203 (a,) FO1 + 203 321
223 (a,) FOI1 4- 223 318
259 (4,) FO3 318
266 FO2 + 203 316
329 (a,) FOI1 + 329 (FO2 + 266) 301
342 FO1 4 139 + 203 298
387 FO2 + 329 292
400 FO3 + 139 290
416 (a,) FO1 + 416 285
461 FO3 + 203 271
474 FO2 + 416 269
484° FO1 4 2(139) + 203/FO3 + 223 276
529¢ FO1 + 203 + 329 260
539°¢ FO3 4 2(139)/FO1 + 139 4 2(203) 261
601° FO3 + 139 + 203 251
613¢ FO3 + 139 + 223/FO1 + 203 + 416 252
673< FOI2(30) 1283} R0 SmmtmSeleled Do U3
(FO2 +- 203 4 416)
740° FOI1 + 139 + 3(203)/FO03 + 2(139)/ 239
FOI + 329 + 416
R = LFNL L\ 31
+ 1394203 +
850 (a,) FO1 + 850 228
852¢ FO1 4 2(139) + 3(203)/FO03 + 3(139) 4 203
905 (a,) FO1 + 905 231
988 (6,7 FO4(?) 221
732 gy & ) TOT T 1292 ToU
1294 FO2 + 1232 184

OV Ug)-

“These 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 benzenes®®>* and fluoro-

alieac 3o Slhlilg R e o ———————————

du@

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
el Yl 2P 7 L™ £

b b |

the S, «<>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
quantltatlvely by changes in the bamers to rotation in gomg

lar interest are the experiments of Ito and co-workers on the
electronic spectroscopy of jet-cooled 1,3,5-trimethylbenzene
(mesitylene).’®! Mesitylene, like decatetraene, has a sym-
metry-forbidden S, .S, transition and the 0-0 band thus
does not appear in the spectrum. A triplet of low-frequency
bands appears on the high-energy side of the forbidden 0-0,
suggesting strong coupling between the electronic motion

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 mternal rotation in the ground and excnted states

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.’ This gives rise to the ex-
tended (10-200 cm~!) methyl torsional structure seen in
the free-jet S, <S8, spectra of the methyl-substituted ben-
zenes.’®* In decatetraene, we also observe some complex
clumps of weak transitions within 100 cm = ! of FOI. These

J. Chem. Phys., Vol. 95, No. 7, 1 October 1991
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too small to detect in our experiments. The appearance of
fine structure in the S, «S; transition of decatetraene would

A significant reduction in the barner to methyl rotatlon

AFALYDIS OL UIC TCIIAINGCT VL LIIC £ A

g 1 ’Ag €xciauon

spectrum primarily rests on numerology and the character-
istic triplet and singlet structure of progressions built on the

Gt Qliociaiza EanosCon bocipy mid Doz

——couiip > rpdigio- afgiks qinonal hargiem je=tha 2_g——iug Lige ek i
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plets” is given in Table I. We ﬁrst focus on the low-energy

FT- . Y. e el T

tals on the terminal C=C bonds (7.._.) due to the
predicted bond-order inversion between C—=C and C-C

bonds in going from the ground State to 2 ‘4, ¢+ Such rear-

rangements are predlcted by theory49 59-62 and are 1nd1cated

— _ . - —
orbitals.®® If the fine structure seen in the S, —S, excitation
snectrnm.is_doe tn_hindered ratation then the electronic

ing frequencies:
that these frequencies appear both as single and double

quamta urdxeates—ag—synnnetnerforﬁrese—vrbra'trons.—(‘f'lns——

ana1y31s assumes that decatetraene retains its C,, symmetry

(a, or b,). Two of these modes are most likely the 2 ’Ag
counterparts of the a, vibrations that are active in the

bronic energy in 2 '4 ¢ (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

taene and decatetraene should have comparable low-fre-
quency, skeletal bending modes due to similar reduced

masses and force constants.) However, the next g, vibration
) 47-49

-4

is calculated at 425 cm ~! (535 cm ~ ! in octatetraene).
This strongly implies that at least two of the low-frequency
v1brat10ns given above involve nontotally symmetrlc vibra-

identified in the 2 "4, — 1 "4, mixed-crystal spectrum of oc-
tatetraene.*® These frequencies are reasonably well account-
ed for by theory,*”° which predicts corresponding modes at
lower frequency in molecules such as decapentaene (62, 282,
497, and 553 cm ™' in 1'4,) and decatetraene.*’ It thus
would be difficult to rationalize two b, 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,

e — .
; EOZ (see Taile I) congrm that they belong to the same  cm™

transmon of the same molecule and that they cannot be due

many of the low-frequency @, and b, modes) awaits calcula-
tion of the decatetraene 1 '4, and 2 '4, 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 FO1,
the number of low-frequency modes, and the approximate
coincidence between FO1 4203 ¢cm~! and FO2 4 139
cm ™! contribute to a rather complex spectrum. The com-

modes that could not easily be distinguished from
combination bands of the modes listed above. These modes

to different conformers or isomers of decatetraene. ——would add tothe list of low-frequerncy, nontotally symmetric

Further analysis of the spectrum suggests that the peak
259 cm ~ ! above FO1 should be assigned to a second Herz-
berg—Teller false origin (FO3). This (like FO2) appearsasa
single, sharp peak and thus cannot be easﬂy reconcxled w1th

'-Iu”ﬁm!l i

vibrations that are active in the spectrum.

Finally, we consider vibronic bands 800-1350 cm~
above the 2 '4, 14, origin. As shown in Figs. 4 and 5,
there are several sharp features in the spectrum that are most
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— theugh it isnst possibleto make specific assigmments atpros=—+  sensitivit fﬁf—ﬁﬁhﬁdﬂrﬁve‘d‘mmﬂﬂ'ﬁw

e e e =

cm™ ') and as a singlet (FO2 + 1232 cm ~!). Carbon—car- less than unity, Whlch mlght help explain the difference be-
bon stretching modes are a well-known signature of polyene ~ tween the ~340 ns free-molecule lifetime and the 500 ns

L 1ifatiena P L Y LL 42 i

+. snd awn n ~nae £l “

methy!l rocking vibrations typically do not play a significant
role in the vibronic spectra of polyenes. Their strong activity
inthe 2 '4, — 1 '4, spectrum of decatetraene reinforces our
conclusion that the torsional motions of the methyl groups
nromnte connling hetween the 2 14 and 1 IR ctatac and The diccaveruaf 1 1R 114 and 214 114 amic

IV. SUMMARY AND CONCLUSION

z -

Aad E-3
ipyestiqated using fluorescence excitation technianes. Mea-

3

ﬁv E
| e ability of polyenes to undergo large-amplitude motions

lisFefi in Table I and plotted in Fig. 4..Lifetimes_of the false is reflected in the important roles played by low-frequency
origins are comparable to those obtained for vibrationally yjprations in the electronic spectra. This is particularly evi-

relaxed molecules in argon clusters ( ~360 ns) and again dent in the weak, symmetry-forbidden 2 '4, 1 '4, transi-

B . . el ok c 1

Temm emmmen ee ermmnim e v s~ D wmeANAAw A A YT aawsprewasw

. e modes. Normal coordinate calculations indicate that some
all-trans-decatetraene. The relatively smooth falloff in life- of these low-frenuencv viheations may invalve anteofunlane
TIMES TUTTHET INdICates that all Of these VIDIODIC Jeatures are o gec (a, and b,) which involve carbon—carbon torsion
internal coordinates. Such modes are of obvious interest in
understanding the trans<scis photochemlsmes of polyene

o cmdmamae W o Vo £ oo oo oo o o oo o o o 1. ~ 1
P

and weak, symmetry-forbidden transitions, as expected for

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 inversign centers,

bv;ﬁq,iu . & 8= TN - S IR P

a3 At

PUVILY LURLAUICHT QiU GEPLICH Y UICAALLITHT L SUPTLIWIIIC CA~
pansions.’®?* The absorption strength of the 2 '4, —1'4,
transition thus should increase inversely with the square of

H 1 1
the energy separation (AE) E)etWt?en the 2°A, and 1°B,  matic systems and clearly is an important factor in their
states. As seen in Fig. 4, the 2 '4, v1bron1c‘hfet’1mes ofdeca-  ypique ground- and excited-state chemistries. However, the
tetraene are well accounted for by this simple model

€ ‘ imEortant role of larEe-amElitude motions has not Erevi_g_ us- ‘

solvent-aependaent iiretimes ot alpnenylnexatrlene and all- connection between methz} torsions and the coup lin % be-

m‘émasc HCYUELCY UL LIS £ Ag— 1 Ay spectroscopy, though there 1s precedence for this observa-
e e e ey
o T TI T GIIG IIf DUT LI IIICUIy I SUUSLILUICU UCIIZOIICS, ou-

phenylhexatriene and retmol."“ ) pling of the methyl torsions to carbon—carbon torsions and
Considering the above arguments, it perhaps is surpris-  other low-frequency modes appears to be strong and perhaps
mg that the free molecule and Ar cluster llfetlmes are so  plays an important role in accelerating cis-trans isomeriza-

cally induced, 2 '4, —»1'4, transition of an all-trans po-
lyene.

The flexibility of polyenes distinguishes them from aro-

clusters (4300 cm ="' vs 5800 cm ~' for the free molecule) The free-jet, two-photon, S, — S, fluorescence excita-
should almost double the fluorescence decay rate. The com-  tion spectrum and S, -5, fluorescence spectra from single
parable fluorescence lifetimes of the clusters and isolated  vibronic levels of 2'4, would be useful in confirming our
decatetraene is most llkely due to higher fluorescence yields  spectral assignments as well as providing insights on the role
in-the-ckasters: i iorail

LIS IS IO UnCAPEh 51vcu LT CAPTCITU Ot fiIiraniolccutal vioIational Tedisirioution (1Y K) In these
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systems. Extension of our experiments to nonatetraene and

TgleE

sranamg 01 1€ roi¢ o1 su

cence mtensmes in gaseous pentaenes indicates that fluores-
cence and fluorescence excitation techniques should allow
similarly detailed studies of the 2 '4, states of longer po-

L . —

cules and in solvent clusters.
The free-jet experiments described in this paper also

ii% and tne erect of redm—'r R
A Ll 1AlN-2 uaou Liiv 1auuy vl Ul —7UO/ '-,2 _,UO HHUULCd-

T it '

#‘——— TR L ———— - —¥

L0 4 DCLICT unucrsianaling ol e r1ow- IICunIlLy Y1DITALIUILS,

cules also are of con51derable interest. The apparently strong
interactions between the 7 electrons and the methyl rota-

tions clearly deserve further study. Any accounting of the
. N L e e

tween the two methyl rotors.”’*° The distinctive structure
and splittings of these peaks should provide useful bench-
marks for evaluating theoretical descriptions of the 2 '4,
states in model polyenes.
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