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Femtosecond Transient Absorption Studies ofrans- and cis-1,3,5-Hexatriene in Solution
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The electronic, vibrational and conformational relaxatiortirahs andcis-1,3,5-hexatriene in solution have
been investigated by femtosecond transient absorption spectroscopy. Upon excitation to the 1B state,
transient absorption is observed in the visible region, which mainly consists of an instantaneosd.58e (
fs) and a subpicosecond decay. For the trans isomer, the decay of the transient absorption signals bec
faster at longer wavelengths. On the other hand, for the cis isomer, the decay of the signals does not dej
on the probe wavelength significantly. For both isomers, these temporal profiles of signals show that
internal conversion from the,$0 S state occurs within 100 fs and the lifetime of thesBate is less than 500

fs. The observed dependence of the decay on the probe wavelengths for the trans isomer is ascribe
vibrational energy redistribution in the, State. We also measured the bleach recovery signals by the one
color pump-probe method in the UV region. The bleach recovers in several time scales. The tempol
profiles of trans isomer in the first 20 ps are similar to those of cis isomer, which come from the vibration
relaxation in the ground state. However, on a longer time scale, these signals are quite different to e
other. While the trans isomer takes 15800 ps to fully recover the bleach, the cis isomer requires no more
than 100 ps. These slow components are attributed to the conformational relaxation aroundCtsa@le
bond to the original forms. The different behavior between the trans and cis isomers reflects different prod
distributions and dynamics among the isomers around th€ Gingle bonds.

1. Introduction among the deactivation processes. In order to reveal the nature
of of these dynamics, it is highly desirable to investigate each step
f in the dynamics of smaller linear polyenes in detail. Recently,
refined molecular orbital calculations and molecular dynamics
From a biological point of view, polyene derivatives such as simulations have been performed and are available for com-

retinal and carotenoids play important roles in vision and light- parison with expenment%’:ll ) )

harvesting systems. In a light-harvesting complex, the efficiency ~ IN contrast to its longer chain and substituted analogues, the
of the energy transfer from carotenoids to chlorophyll is strongly €xcited electronic properties of smaller linear polyenes such as
affected by the nature of the excited-state dynamics in polyenes. 1.3-butadiene and 1,3,5-hexatriene have not been well under-
The cis-trans isomerization and photoinduced electrocyclization Stood because of a complete lack of fluorescence and broad

reactions in the polyene moiety are found in the primary event @bsorption spectra even under jet-cooled conditions and low-
in the vision and in the photochemistry of vitamin D and its temperature matricés. The ordering of the lowest excited states

precursors. of 1,3,5-hexatriene has been a matter of debate until recently.
The dynamics of longer substituted polyenes sucfi-aar- All-trans polyenes hav€z, symmetry and possess two neigh-
otene and its derivatives and retinal in bacteriorhodopsin have Poring excited electronic states regardless of its chain length,
been studied by ultrafast transient absorption and fluorescence’@mely, $ and $, with different symmetric characters;A,
spectroscop§8 For f-carotene, after the photoexcitation to and 1By, respectlvgly. While a qne-photon transition from.t.he
the S state, internal conversion to the Sate occurs at around ~ Soto St state is forbidden, there is a strongly allowed transition
200 fs and the lifetime in the;State is~10 ps®’ The rate of to the $ state. On the other hand, the cis isomer belongs to
the internal conversion to the, State, which is influenced by ~ the Cz, symmetry and the two low-lying excited states are the
the structural change and soluolvent interactions, depends ~ 2'A1 and 1B, states. When we refer to the electronic states

The electronic structures and spectroscopic properties
simple linear polyenes have stimulated a great number o
experimental and theoretical studies over the past two detates.

on the energy gap between the@id $ states’® For retinal for both isomers, we use the following symmetry notation, i.e.,
in bacteriorhodopsin, the primary event in the all-trans to 13- 2A and 1B state, for simplicity. o
cis photoisomerization takes place in 20(° f88oth results The two-photon absorption and two-photon excitation thermal

indicate that the lifetime of the initially excited state is very lens method suggested that the@transition to the 2A state
short and the internal conversion to the ground state or the was located at lower energy than the @transition to the 1B
isomerization reaction occurs quite efficiently and dominates state, whereas the vertical transition to the 2A state might
overlap or even be located at higher energy than that to the 1B
* Corresponding author. Present address: Japan Advanced Institute ofband!314 For cis-1,3,5-hexatriene, the location of th&2 state

Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan. in the gas phase was found to be about 5000 chelow the
T Kyoto University. . o
"Inétitute for Moécmar Science. 1B, state by the resonance-enhanced multiphoton ionization
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output selected by a harmonic separator passed through a

Regeneratively Amplified . F:E T waveplate to rotate the polarization and was divided into two
Ti: sapphire "‘“J Adtocorreiator Seanning S a8 parts. One of them was used for the third harmonic generation
(Clark-MXR) 30 :| Samme& by mixing with the remaining fundamental in a 0.5 mm BBO
- Cell crystal (Type I). We used a prism pair for selecting the third
+Ht . L P harmonic from the output of the BBO crystal and compressed
Hs PP Lo — the pulse duration. This third harmonic was used as a pump
:]? " Chopper %2 [PD] pulse. The excitation energy incident on the sample was about
20 4 10uJd/pulse. The other beam was focused into th® Er DO
— D20 Cell  wproper flow cell to generate the white light continuum which lay
M2 ’ between 300 and 600 nm and was used as a probe pulse. Th

Ynielont Generation delay between the pump and probe pulses was achieved by ¢

] o ] ~computer-controlled optical delay line. The pump and probe
Figure 1. Schematic dlagre_lm of the apparatus for transient _absorptlon pulses were overlapped on the sample at a small angle and the
mea§urement. HS, harmonic separator; PD, photodiode; IF, lnterferencepolarization between them was set at a magic angle by inserting
filter; 1/2, /2 waveplate. . . .
a /2 plate into the pump pulse path. The transient absorption
measurements were made by monitoring the probe intensity with
photodiode as a function of delay between the pump and probe
ulses. The monitored wavelengths were selected with an

Third Harmonic Generation

The excited state absorption of 1,3,5-hexatriene was not
observed by the nanosecond transient absorption spectroscop

due probably to insufficient time resolutidh. It was suggested ! i

that the lifetime of the 2A state was below 200 ps. Recently, mtsrft/ebienc:} f'fltt(;r (Arplqtovlgrhtfwhn:_: 10 nm) a;te; atsgrgplttah

femtosecond spectroscopic studies of 1,3,5-hexatriene and its"€! part of the white ight continuum was detected by the
ther photodiode as a reference for compensation of power

related compounds in the gas phase revealed that upon excitatiorﬁ tuati ; b | Th bsorb h
of the 1B state the internal conversion to the 2A state occured ' JcUation of probe puise. € apbsorbance change was
calculated by an analogue processor and a boxcar integrator

in less than 100 fs and the vibrational energy redistribution in ="

the § state and the internal conversion to the ground-state with a toggle mom_:ie where the pump pulse was chopped every

proceeded within a subpicosecond time sa&ldhe lifetime other shot. Theilnstrument response function was determined

of the 2A state for the cis isomer is about three times longer by a temporal rise .Of the _exmted-state absorptlpn or bleach
recovery of rhodamine 6G in ethanol. It was estimated to be

than that for trans isoméf:2° . - .
In the condensed phase, resonance Raman spectroscopy an%SO_600 fs assuming a Gausagn function. We also performed
g one-color pumpprobe experiment to measure the bleach

femtosecond transient absorption spectroscopy have been US€Hecovery process in the ground state by using the third harmonic
to investigate the excited-state dynamics of simple poly&hés. yp 9 y 9
as both pump and probe pulses.

The initial motion of the wave packet out of the Franckondon ) . .
1,3,5-Hexatriene was purchased from Aldrich as a mixture

region occurs on 10 fs time scale and the ground-state : . .
photoproduct appears in less than 2p26 We also reported of two isomers. trans andcis-1,3,5-Hexatriene were prepared
as described by Moller et &. The isomeric purity of the

the transient absorption measurementsaris1,3,5-hexatriene . i

in solution and found that the decay of the population in the S Productwas checked by gas choromatography, which was higher
state was within 500 & than 95% for each isomer. Cyclohexane and acetonitrile
t (spectrograde, Wako Chemicals) were used without further
dpurification. The sample solution flowed through a quartz cell

with a 1 mmoptical path length at a flow rate fast enough to

In this paper, we present the results of ultrafast transien
absorption experiments on the excited-state dynamics an
vibrational and conformational relaxation in the ground state )
of trans and cis-1,3,5-hexatriene in solution. After the pho- ensure that fresh solution was exposed to each laser shot. The

. .
toexcitation to the 1B state, we observed the transient absorptionszmplt;e of 2f4>; 10 OM ;Vgss prepared, ‘lNT]'Ch gavelan
in a very broad region (ultraviolet to visible region), which absorbance of about 1.0 at nm. For cyclohexane solutions

consisted of an instantaneous rise and decay in less than 500 W€ used a cell with a 0.1 mm optical path length to suppress
600 fs. We also measured the bleach recovery signals by thethe pulse-duration-limited artifact observetda 1 mmquartz
cell, which originated from the solvent. All measurements were

one-color pump-probe method. The transients show an instru- : q bi 593 K

ment-limited appearance of a bleach followed by a recovery performed at ambient temperature ( )-

which occurs on several time scales. These signals provide

information about the vibrational relaxation in the ground state 3- Results

and the conformational relaxation around the@single bonds. 3.1. Static Absorption Spectra oftrans- and cis-1,3,5-

The results are compared with those in the gas phase and thgjeyatriene in Solution. The static absorption spectratafins
differences betweetrans- and cis-1,3,5-hexatriene are dis-  gnq cis-1,3,5-hexatriene in cyclohexane and acetonitrile are

cussed. shown in Figure 2. This molecule has a very strong absorption
band from 230 to 280 nm. The maximum molar extinction
coefficient in cyclohexane iemax = 51 740 M1 cm™? for the

The experimental apparatus for the present measurement igrans isomet and 41 000 M* cm™? for the cis isomef? Both
schematically shown in Figure 1. A laser system was based absorption peaks of the-® band are slightly dependent on
on a self-mode-locked Ti:sapphire laser (NJA-4, Clark-MXR) solvent polarity and are 268 nm in cyclohexane and 266 nm in
pumped by a continuous wave (CW) argon ion laser (Spectra acetonitrile, respectively. They are similar in shape, as reported
Physics 2060). The oscillator was seeded into a regenerativepreviously?!:22
amplifier (CPA-1000, Clark-MXR) to provide amplified pulses 3.2. Transient Absorption Signals oftrans- and cis-1,3,5-
of about 120 fs at 1 kHz centered at around 800 nm. The pulseHexatriene in Solution. Transient absorption data were
energy was around 9Q@)/pulse. The fundamental pulse was collected fortrans andcis-1,3,5-hexatriene in cyclohexane and
doubled ly a 1 mm BBOcrystal (Type 1). The second harmonic acetonitrile with an excitation wavelength of 268 nm, and the

2. Experimental Section
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L L TABLE 1: Best-Fitted Time Constants of the Transient
" in cyclohexane Absorption Signals at Nine Different Wavelengths for
= | trans-1,3,5-Hexatriene in Cyclohexane and Acetonitrile
; trans solvent wavelength/nm T1/fs Tolfs
s ’ cyclohexane 340 496 20 (0.96% -b(0.04)
g 7 360 440+ 10 (0.97) -(0.03)
< 380 460+ 20 (0.97) - (0.03)
g 400 440+ 15 (0.97) - (0.03)
2 . 420 220+ 10 (0.98) - (0.02)
< 450 <150
L 470 <150
500 <150
220 240 260 280 300 320 550 <150
Wavelength / nm acetonitrile 340 52@ 25 (0.96) - (0.04)
Figure 2. Static absorption spectra tfins-1,3,5-hexatriene (a) and ggg i& ig Egggg iigg% 2888 gggg;
;st;ﬁ;z,r)sl-gﬁﬁgtnene (b) in cyclohexane. Each spectrum is scaled by 400 410+ 15 (0.91) 13606t 2000 (0.09)
' 420 250+ 10 (0.94) 520Gt 2000 (0.06)
; T . . T 450 <150
470 <150
@ 360 nm _| 500 <150
550 <150
2 B 400 nm | aThe relative amplitude of each decay componéfihe lifetime
S cannot be determined.
2
s 420 nm TABLE 2: Best-Fitted Time Constants of the Transient
p ~ B Absorption Signals at Nine Different Wavelengths for
o cis-1,3,5-Hexatriene in Cyclohexane and Acetonitrile
2 45C nm solvent  wavelength/nm  7y/fs Tolfs
e B N cyclohexane 340 53& 30
M 360 4404+ 20 (0.94) - (0.06)
G - 380 5504+ 10 (0.97) - (0.03)
| | | | ‘ 400 490+ 10 (0.94) - (0.06)
420 440+ 10 (0.95) - (0.05)
-1000 0 1000 2000 3000 450 400+ 15 (0.97) -(0.03)
Time / fs 470 3504 10 (0.98) -(0.02)
500 370+ 30 (0.94) - (0.06)
. T T . ' 550 350+ 50 (0.94) - (0.06)
() 360 nm acetonitrile 340 50@&: 50 (0.95) - (0.05)
r f ; > o~ ] 360 580+ 20 (0.97) -(0.03)
380 4504+ 15 (0.94) - (0.06)
a I 400 nm | 400 500+ 20 (0.91) 1340GE 5000 (0.09)
5 420 560+ 15 (0.91) 830Gt 2000 (0.09)
g h 450 4304+ 20 (0.95) - (0.05)
8 420 nm 470 490+ 30 (0.96) - (0.04)
] L - 500 400+ 40
| 550 330+ 40 (0.95) - (0.05)
g r 450 nm | R . :
2 ‘ | The relative amplitude of each decay component.
’ 500 nm- | longer than 450 nm, the observed signals are similar to that of
e 3 ' the instrument response function, and we cannot resolve the
L L 1 1 1 decaying component unambiguously. The transient absorptions

1000 2000 3000
Time / fs

at wavelengths shorter than 400 nm also show a feature similar
to that observed at 400 nm. The transient absorption signals in
Figure 3. Transient absorption signals probed at five different acetonitrile are similar to those in cyclohexane, except that the
wavelengths fortrans-1,3,5-hexatriene in (a) cyclohexane and (b) Slow decaying components have a greater contribution. These
acetonitrile. The instrument response function is shown in the top decay signals decay with the time constants of 14 ps at 400 nm and

curve. The solid line represents the best fit to the data by the convolution 5 ps at 420 nm, as determined from the data measured in a
of the instrument response function with a sum of the two exponentials. longer time scale.

-1000 O

results at five probe wavelengths ranging from 360 to 500 nm  Figure 4 displays the transient absorption data collected for
are shown in Figure 3. The time profiles of the signals are cis-1,3,5-hexatriene in cyclohexane and acetonitrile at five
fitted to a sum of the exponential functions convoluted with wavelengths from 360 to 500 nm. These absorption signals
the instrument response function. Table 1 summarizes thepossess an instantaneous rise and subpicosecond decay con
results of the best-fit time constants of the transient absorptions.ponent which are rather similar to those for the trans isomer.
After photoexcitation, an instrument-limited rise 150 fs) can However, a significantly different character is that the time
be seen at each probe wavelength. In cyclohexane, the signatonstant of the decaying component does not depend on the
observed at 400 nm decays with the time constant of about 400probe wavelength. The results are tabulated in Table 2. The
fs. The decay at 420 nm becomes faster than that at 400 nm.time constant is slightly smaller at longer wavelength as well.
At both wavelengths, the signals include small remaining Acetonitrile and cyclohexane give similar dynamics but the latter
components in a longer time scale. At a probe wavelength has smaller residual components at shorter wavelength. These
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[
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g Figure 5. Transient absorption spectrumtoins-1,3,5-hexatriene (a)
L 4 andcis-1,3,5-hexatriene (b) in cyclohexane observed at the zero time
/ N 500 nm delay.
| ] TABLE 3: Best-Fit Time Constants of Transient Bleach
: : : Recovery Signals Obtained by One-Color PumpProbe
-1000 O 1000 2000 3000 Method
Time / fs solute/solvent A/nm T1/pst Tps 7ops
Figure 4. Transient absorption signals probed at five different trans-HT/ 268 0.8:0.1(0.38) 18+1(0.62) 150+ 10
wavelengths forcis-1,3,5-hexatriene in (a) cyclohexane and (b) cyclohexane 262 e R * ' 180 + 20
acetonitrile. 259 0.6+0.2(0.09) 13:1(0.91) 184t 10
. _ . trans-HT/ 268 1.2:0.1(0.31) 16+1(0.69) 325t 15
signals decay with the time constant of 13 ps at 400 nm and 8 acetonitrile 262 * * 325+ 35
ps at 420 nm. ) 259 * * 305+ 30
The transient absorption spectrum toéins- and cis-1,3,5- C'S‘HTI/h 22682 . 1261
hexatriene in cyclohexane at time zero was constructed as shown ¢Y¢'onexane o9 .
in Figure 5. The peak position of the absorption spectrum is g Ty 268 13+ 1 175+ 15
located at around 350 nm, and the spectrum is extended to acetonitrile 262 1 158+ 20
beyond 500 nm. The spectrum for the trans isomer is similar 259 * * 175430
to that fpr the cis isomer at time zero within our experimental a7, andr; are the first and second components, respectively, of the
uncertainty. ) ] bleach recovery signals observed on an early time st&elative
3.3. Transient Bleach Recovery Signals ofrans-1,3,5- amplitude of each bleach recovery component, determined only from

Hexatriene in Solution. Figure 6 shows the one-color transient the results on an early time scatéelhe third component of the bleach
bleach recovery signals tfins-1,3,5-hexatriene in cyclohexane recovery signal observed ona slower time schlssterisk i_ndicate_s
at three different wavelengths. As shown in Figure 2, the peaks the data which cannot be fitted well by a sum of exponential functions.
of the first and second vibronic bands are 268 and 257 nm, and
the minimum between these peaks is 263 nm, in cyclohexane.at 268 nm and reaches the baseline at around 20 ps; it then
The corresponding peaks and the minimum are about 2 nm red-bleaches once again followed by longer recovery with the time
shifted in acetonitrile. The transients show a fast instrument- constant of 180 ps. The transient at 259 nm is similar to that
limited appearance of the bleach followed by the recovery which at 268 nm, but with the time constant of ca. 13 and 180 ps.
occurs in several time scales. We tentatively fit the experimental  Figure 7 shows the one-color bleach recovery signaisob
data by a sum of the exponential functions convoluted with the 1,3,5-hexatriene in acetonitrile measured at three different
instrument response function. The results of the best fit time wavelengths. In acetonitrile, the behavior of the transients is
constants are summarized in Table 3. similar to that in cyclohexane. The recovery of the first
The first components of the transient bleach signals in components is around 1 ps at all three wavelengths. The
cyclohexane have recovery times of 0.8 ps at 268 nm and 0.6behavior of the second component also depends on the
ps at 259 nm, respectively. The behavior of the second wavelength. At 268 nm, the signal recovers with the time
components depends on the wavelength. At 268 nm, the signalconstant of 16 ps which is followed by a longer recovery with
recovers monotonically with the time constant of 18 and 150 the time constant of 325 ps. At 262 nm, the transient recovers
ps. However, the transient at 262 nm recovers faster than thatquickly at around 20 ps and bleaches once again followed by
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Figure 6. Transient bleach recovery signals (a) within 20 ps time scale Figure 7. Transient bleach recovery signals (a) within 20 ps time scale
and (b) subnanosecond time scale by a one-color ptprmgbe and (b) subnanosecond time scale by a one-color ptpnpbe

experiment at three different wavelengths tiens-1,3,5-hexatriene in experiment at three different wavelengthsti@ns-1,3,5-hexatriene in
cyclohexane. The instrument response function is shown with the top acetonitrile.
decay curve in (a).

to the first 10 ps one for cis isomer is much smaller than that
longer recovery with the time constant of 320 ps. At 259 nm, for trans isomer.
the behavior is similar to that between 268 and 259 nm. The ] ]
slower component recovers with the time constant of 305 ps. 4- Discussion

3.4. Transient Bleach Recovery Signals oftis-1,3,5- 4.1. Origin of the Transient Absorption in the Visible
Hexatriene in Solution. The bleach recovery signals ofs- Region. The common feature of the observed transient absorp-
1,3,5-hexatriene in cyclohexane at three different wavelengthstion signals is (1) an instrument-limited appearance of the
are shown in Figure 8. The temporal profiles of the cis isomer transient absorption signals at all wavelengths, (2) a fast
in the first 20 ps are similar to those of the trans isomer. subpicosecond component, and (3) an additional picosecond
However, in a longer time scale, these signals show quite component at a few wavelengths, especially in acetonitrile.
different behavior to each other. At 268 nm, the transient On the basis of the line shape analysis of the resonance
recovers completely with the time constant of 12 ps. Itis clear Raman spectroscopy, the initial motion of the wave packet out
that there is no 100 ps component within the sensitivity of our of the Franck-Condon region in the 1B state occurs at 40 fs
apparatus. The signal at 262 nm fully recovers at around 12 for the trans isomer and 20 fs for the cis isore® Vaida
ps and shows an absorptive component, which decays com-and co-workers estimated the time constant for the internal
pletely within 50 ps. At 259 nm, the temporal profile of the conversion to the 2A state to be 40 fs in the isolated molecule
signal is qualitatively similar to that at 262 nm, which also condition based on the line width of the absorption speétra.
recovers within 50 ps. It is found that there exists a small Furthermore, the femtosecond time-delayed photoionization of
absorptive component in the 50 ps time region. 1,3,5-hexatriene in the gas phase showed that the initially excited

Figure 9 shows the data for the cis isomer in acetonitrile at population decayed from the 1B state in less than 106 By
three different wavelengths. The behavior of the signals is considering these observations, the internal conversion from the
different from that in cyclohexane. In addition to the 10 ps 1B to the 2A state for 1,3,5-hexatriene in solution is expected
component, we observed the slow component in the signals,to occur within 100 fs for both trans and cis isomers. Therefore,
whose time constants are 158 ps at 262 nm and 175 ps at theéhe instantaneous rise observed in the transient absorption
other wavelengths, respectively. It should be noted that the suggests that we have probed the population on the way from
relative amplitude of the slow 100-ps component with respect the 1B to the 2A state.
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] ) ) . ) Figure 9. Transient bleach recovery signals (a) within 20 ps time scale
Figure 8. Transient bleach recovery signals (a) within 20 ps time scale ang (b) subnanosecond time scale by a one-color pipngbe
and (b) subnanosecond time scale by a one-color ptpngbe experiment at three different wavelengths &is-1,3,5-hexatriene in
experiment at three different wavelengths @s-1,3,5-hexatriene in acetonitrile.

cyclohexane. . . . .
passes through the conical intersections where the branching

The vibrationally excited 2A state is populated by internal ratio is determined. Since the quantum yield of the photoi-
conversion. In the gas phase, the lifetimes of the 2A state for somerization around the=€C double bond is very small, the
trans and cis isomers are 270 and 730 fs, respectively, and thebranching to the product of this isomerization is considered to
vibrational energy redistribution of the cis isomer within the be small.
2A state occurs at around 300%s.For the trans isomer, the The decay of the transient absorption signals corresponds to
vibrational energy redistribution time-@00 fs) was suggested the internal conversion to the ground state which occurs at
to be comparable to the lifetime of the 2A state. Our previous around 500 fs. The vibrational energy redistribution is expected
studies in the gas phase also provided evidence for nonradiativeto compete with the internal conversion to the ground state,
decay by at least two processes, one of which is independentwhich occurs in a similar time scale for both isomers. The
of energy and another which requires an activation energy of evolution of the population in the 2A state can be probed via
<155.7 cnTl.16 Fuss and co-workers have studied the excess the $—S; transition, as illustrated in Figure 10. The difference
energy dependence of the cis isomer on the lifetime in pumping of the behavior in the transient absorption signals between trans
directly to the 2A staté? They found that the decay rate of and cis isomers may be due to the different couplings of the
the 2A state increased smoothly with an excess energy, potential surface between the 1A and 2A stafes.
converging to a value of 1.4 ps The temperature dependence For the trans isomer, the decay of the transient absorption
on the lifetime of the 2A state in the gas phase gave an activationsignals depends on the probe wavelengths. This suggests tha
energy of about 170 cn},?® which was consistent with our  the efficiency of the internal conversion is significantly different
previous spectroscopic observatinA theoretical calculation among the vibrational levels in the potential energy surface of
predicted that there existed two channels in the internal the 2A state. The faster decay of the signal corresponds to the
conversion from the Sto S statel® These lead from the 2A  faster decrease of population in the vibrationally excited 2A
state surface via two separated conical intersections to two state through the internal conversion to the ground state, which
products (double-bond and single-bond isomer). The activation is dominant for the trans isomer. In contrast to the trans isomer,
energies for double-bond and single-bond rotations are estimatedhe efficiency of the internal conversion does not depend on
to be 4 and 6 kJ/mol, respectively. This prediction is consistent the vibrational levels in the 2A state for the cis isomer.
with the previous experimental result which suggests the Another explanation for this observation may exist. The
existence of two decay pathwalfs.A photoexcited molecule  different decay rates in the transient absorption signals may
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Sn in the trans isomer. However, Sension and co-workers found
that these 1 ps components were observed in both iscters.
This difference may be attributed to the observation that the
recovery time constant for the cis isomer is smaller than that
for the trans isomer. In our apparatus, we cannot clearly resolve
this component for the cis isomer. After photoexcitation, the
internal conversion from the 2A to the 1A state occurs within
500 fs and vibrationally excited products are created. When
the population in the vibrationally excited 1A state relaxes to
some extent and the transition from the 1A statg (6 the
highly excited state ( and/or the 1B state ¢pmatches the
probe wavelength, we can detect the vibrationally excited 1A
state as the fastest bleach recovery.

The second time constants of the bleach recovery of the
transients in cyclohexane and acetonitrile are28 ps, which
depend on the observed wavelength. The vibrational relaxation
of cis-1,3,5-hexatriene occurs with the time constant of 9 ps
after the photochemical ring-opening reaction of 1,3-cyclohexa-
diene?® We assign the second components to the vibrational
relaxation in the ground state.

. The wavelength-dependent bleach recovery on the different
Internal coordinate wavelengths observed in the 20 ps time scale is attributed to
Figure 10. Schematic representation of the potential energy diagram the spectral broadening and shift of the absorption band to longer
of 1,3,5-hexatriene following the photoexcitation to the 1B state. IC \yayelengths. It is considered to originate from the vibrationally
a_md VR denote internal conversion and vibrational relaxation, respec- excited products and transient conformational isomers in the
tively. ground state. After the internal conversion to the ground state,
the population in the vibrationally excited state is created, whose
distribution is different from that in the vibrationally relaxed

\

come from the rates of the vibrational energy redistribution at
different energy levels within the 2A potential. The vibrational .
9y P state. This causes the change of the absorbance at each wave

energy redistribution proceeds with keeping the total energy . N . .
constant within the solute, however, its rate is level-dependent !ength. Similar behavior in the absorption spectrum is observed

. " e
in the vibrational manifold due to different vibrational couplings. " dse"e”;' Syfrt]erlnf] S“ﬁ) as e;z.uléggni?enti? a‘l't"d f2 EZ.
The vibrationally excited state can be probed initially at longer | Y2roxy->-metnylp enyl)benzotriazoieafter the ultrafast in-

wavelengths. The redistribution process goes on, and theternal conversion to the ground state. At times longer than 10

population of the vibrationally relaxed 2A state is produced on ps the intram_olec_ular vibrational distribution is well _char_acter-
a subpicosecond time scale. At shorter wavelengths, we can'z.ed _by a V|bra_t|onal temperature. .The populatpn in the
probe this relaxed state. vibrationally excited state decreases in the 10 ps time region
In the gas phase, the lifetime for the cis isomer is three times PY €N€r9y tr.ansfer from solute to solvent. o .
larger than that for trans isomer, however the lifetimes in the ~ The transient spectrum narrows by the vibrational relaxation
liquid phase are similar to each other. This may be due to a Process, and the transient absorption band converges to tha
change of the coupling between the potential energy surfacesob_served In static absorptlpn. _The schema_mc representation of
induced by the interaction with the solvent. However, since this phenomena is shown in Figure 11. It is expected that the
the lifetime of the 2A state is similar in between the gas and Proadening induces the decrease of the absorbance at the pea
liquid phases, we consider that these processes in solutions ar@0sition of the static absorption band and the increase at the
governed mainly by the intrinsic nature of the excited state rather trough position. At the wavelengths of 268 and 259 nm, which
than the solvent-induced interaction and the energy transfercorrespond to the peaks of the vibronic bands, the absorbance
between the solute and solvent. The photochemical ring- Of the vibrationally excited product is expected to be smaller

opening reaction of 1,3-cyclohexadiene, which leadsigd.,3,5- than that of the vibrationally relaxed product. The vibrational
hexatriene, in the gas phase was investigated by the femtoseconélaxation is observed as the bleach recovery in a 10 ps time
time-resolved photoionization meth&#! The measured'B, scale because the absorbance increases with vibrational relax

and 2A, lifetimes are 43 and 77 fs, respectively. Hexatriene ation. On the other hand, at the wavelength of 262 nm, which

is produced in the ground state within 2003¥sThe ultrafast corresponds to the minimum between the first and the second
internal conversion from the 2A to 1A state is typical of simple absorption bands, the absorbance is larger than that of sample
linear polyene&®3° The observed ion signals in the gas phase atroom temperature. The initial bleach of the signal is ascribed
do not contain any slow components as observed in our transient© the decrease of the population in the ground state upon
absorption signals. It is suggested that the Frar@kndon photoexcitation, which recovers by internal conversion to the

factors from the ground state to the energetically accessible ionground state. Itis similar to that observed at 268 nm. However,

states are very small in the femtosecond time-resolved photo-the appearance of the vibrationally excited product causes the
ionization experiment? On the basis of this observation, the OPPOsite behavior, which corresponds to the transient absorption
slow 5-15 ps component in our signals is most probably component. This decays up to 20 ps by vibrational relaxation

attributed to the vibrationally excited ground state. process.

4.2. The Origin of the Transient Bleach Recovery Signals The difference between cyclohexane and acetonitrile could
within 20 ps Time Scale. The first components of the transient  be ascribed to the small peak shift on the solvent polarity, the
bleach signals in cyclohexane and acetonitrile have recovery collision-induced relaxation process, the distribution of vibra-
time constants of ca. 1 ps. These components are only observedionally excited state, and so on. It should be noted that the
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Figure 12. Conformers oftrans andcis-1,3,5-hexatriene.
Vibrationally excited product
/ to two products (double-bond and single-bond isomer), and they
4 > have small barriers, as mentioned in section'4.1.
] Furukawa and co-workers measured the infrared and ultra-
g violet absorption spectra ofrans and cis-1,3,5-hexatriene
2 deposited in the low-temperature Ar matrices under irradiation
e \ by a Hg 253.7 nm ligh#’ They found a new absorption band
\ _ in the spectra at around 276 nm, and assigned it to the s-cis
P P aation isomer based on the ab initio molecular orbital calculation and

Figure 11. Schematic representation of the absorption spectra for normal-mode ana_llys@. .
vibrationally excited (thick line) and relaxed (thin line) products and |t iS most plausible that the-€C single bond rotates through

behavior of the temporal profiles of the transient bleach recovery signals. the internal conversion from the 2A to the 1A state. After
internal conversion to the ground state, the molecule possesse:
signals on this time scale also contain the contribution of the about 450 kJ/mol of excess energy which is large enough to
different conformers which will be discussed later. overcome the barrier for single-bond rotation. It is considered
4.3. Conformational Relaxation in the Ground State. The that this isomerization takes place on a subpicosecond time scale
transient bleach signal contains a #SD0 ps additional  based on the recent gas-phase experiement. During the
component except focis-1,3,5-hexatriene in cyclohexane. Vibrational relaxation in the ground state, the single rotation
Some transients may decay with the lifetime of a few hundred becomes slower and a distribution of each conformer is created.
picoseconds. The quantum yield of the photoisomerization The conformational relaxation around the-C single bond to
around the €&C double bond in solution is very I0W{ans-cis a stable all-s-trans form follows in a slower time scale.
= 0.016, ¢cis_trans = 0.034)3 This means that the most of the In general, the absorption cross section of the s-cis isomer is
photoexcited 1,3,5-hexatriene molecules should finally return smaller than that of the s-trans isomer, which is suggested by
to the original stable forms. The quantum yield of the the ab initio calculation and the experimental observation of
intersystem crossing to the triplet state is known to be also very substituted hexatriene derivativ¥s®*4° However, the absolute
low.38 One plausible explanation for the slow component is Vvalue of the oscillator strengths for three different conformers
that the conformational isomers around the € single bond ~ of trans and cis-1,3,5-hexatriene is difficult to calculate
are produced as part of the relaxation process and the signaliccurately because this calculation requires large basis sets an
contain the contribution about a conformational relaxation to configuration interactions among the electronic states. Itis only
the original stable form. confirmed that an expected trend of magnitude for the oscillator
There are three different-€C single-bond isomers each for ~ strengths is as follows. For the cis isomer, cZdZc < tZt
trans- and cis-1,3,5-hexatriene as shown in Figure 12. Here, and, for the trans isomer, cEe tEc <tEt?* Therefore, the
the trans and cis forms about the-C single bond are denoted ~ existence of s-cis isomers in the product state appears as a bleac
as t and c, respectively, and those about theOQlouble bond in the transient signal after completing the vibrational relaxation
as E and Z, respectively. If we refer to the trans and cis isomersin the ground state.

around the &C single bond, we use the following terms, s-trans ~ To confirm the single-bond isomerization, we measured the
and s-cis, respectively. temperature dependence on the recovery times of the 100 ps

It is well known that the stable form at room temperature is component. It shows that the recovery time constant decreases
all-s-trans. After photoexcitation, the system undergoes partial by about a factor of 2.5 upon changing temperature from 286
rotation about the single bond during the internal conversion to to 326 K. The rate constant depends on the solvent viscosity
the S state. We consider that the slow component may be due and temperature and is frequently expressed by the following
to the recovery process from a mixture of the s-cis isomer to Arrhenius-type equation:
the original stable s-trans isomer at room temperature. Theo-
retical calculations predict that there exist two channels which k= A ex;{— E) (1)
lead from the 2A state surface via different conical intersections n? keT,
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wherey is the viscosityA is the prefactorAE is the activation by the single-bond isomerization in the subnanosecond time
energy, kg is the Boltzmann constant, aradis an empirical scale. The complex dynamics at different wavelengths within
parameter (< a < 1). The temperature dependence on the 50 ps is mainly ascribed to the spectral broadening in the
recovery time constant is well fitted by eq 1. The activation absorption spectrum by the vibrationally excited products. The
energy is estimated to be @0 kJ/mol, which depends difference betweerrans and cis-1,3,5-hexatriene in a sub-
significantly on the value of. The barrier for the isomerization  nanosecond time scale may reflect different s-cis isomer
about single bonds in polyenes has been determined to be aboutlistributions and dynamics among s-cis isomers, namely con-
1400 cnt! (17 kd/mol) in the ground staf@*3® The value formational relaxation around the<C single bonds. For the
obtained in this study thus is in good agreement with the trans isomer, a significant amount of the s-cis isomer is created,
previous work. Further details of the results will be presented and the bleach recovery in a subnanosecond time scale is
elsewhere. attributed to the single-bond relaxation. On the other hand, for
Picosecond time-resolved Raman and nanosecond FT-IRthe cis isomer, the majority of the ground-state product is
studies of the photochemical ring-opening reaction of 1,3- considered to be all-s-trans isomer so that there is minor
cyclohexadiene suggest that the time scale from the tZc to tZt contribution of s-cis isomer in the signal. Another explanation
isomerization otis-1,3,5-hexatriene is longer than 200 ps and might be the conformational relaxation from the s-cis to the
less than 20 n&44 In a recent study of the ring-opening all-s-trans isomer which occurs faster than vibrational relaxation
reaction of dehydrocholesterol to previtamin D, which are process. The all-s-trans isomer is formed predominately within
derivatives of 1,3-cyclohexadiene amus-1,3,5-hexatriene, 20 ps.
single-bond isomerization occurs in 125 ps in eth&holhe
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