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1. Introduction 

1-1. Background 

In 1949, when lasers were not yet invented, Porter and Norrish developed the flash 

photolysis method whieb employs discharge tubes in order to study photofragmentation 

reactions of gaseous molecules such as biacetyl and carbon disulfide [l. 2]. They acquired 

millisecond time-resolved UV-VIS absorption spectra of those mo.lecules. and in the case of 

biacetyl , for example, they found acetyl radical as a reaction intermediate. Time-resolved 

spectroscopy. which they initiated, has made great advances since then in terms of time 

resolution, detection sensi ti vity, and app licability. Their ori ginal method that a first flash 

excites molecules to stan a reaction and a second flash probes the excited molecules to detect 

a reaction intermediate is presently called pump-probe spectroscopy, and even now it is still a 

major metl10d of time-resolved spectroscopy. In other words, the advances of time-resolved 

spectroscopy so far are not ascribed to the progress of experimental principles, but supported 

by the development of lasers and electronics. Researches into chemical reaction dynamics, 

which were Porter's main purpose in originating flash photolysis, have been demanding 

excellent technique of time-resolved spectroscopy and strongly motivating the development 

of it. 

Time-resolved UV-VIS absorption spectroscopy is at present reaching the limit of 

time re olution. Pump-probe spectroscopy utilizing femtosecond pulses bas the fastest time 

resolution among all kinds of time-resolved UV- VIS absorption spectroscopy. The time 

resolution of pump-probe absorption pectroscopy is determined by the pulse width of a 

pump pulse and that of a probe pulse. The generation of ultrashort pulses as short as 6 fs was 

reported in l 987 [3], and recently I 0-fs pulses have been acqu ired with more stability by 

using fa r simpler lase r systems [4 , 5]. After we consider that, for instance, a Four.ier 

transform-limited 1-fs pulse has spectral width of as much as 10000 cm·1, we do not anticipate 

any great future improvement of the time resol ution of pump-probe UV-VlS absorption 

spectroscopy based on the same experimental plinciple. In fact, the recem progress of the 

generation of ultrashort optical pulses is directed toward the improvement of stability and 

tuning range rather than the shortening of pulse width. It is due to the fact that the 

replacement of dye solutions with ion-doped crystal · as a laser gain medium did not enlarge 

ga in band width. but brought about the distinct improvement of tiJe optical stability of a ga in 

medium against light and heaL. 

Nevertheless there is still sufficient room for improvement in lime-resolved UV-YTS 

absorption spectroscopy even based on the same experimental principle, that is, the pump

probe method. An ideal situation for studying chemical reaction dynamics, where there is no 

room for improvement in lasers, is imagined as follows: The center wavelength and the peak 

power of ultrashort pump pulses can be arbitrarily chosen, and transient absorption spectrum 

can be recorded by using ultrashort probe pu lse simultaneously in the wide wavelength 



region extending from 200 nm to 1000 nm. Though the recem advance of the nonlinear 

optical mixing technique is making it possible to arbi trarily choose the center wavelength of 

pump pul es, it is still difficuh to acquire arbitrary peak power and the fastest time resolution 

with pump wavelength arbitrarily chosen. The only way tO generate wide-band ultrashort 

probe pulses is to focus intense ultrashort pul es in to a transparent medium in order to induce 

self-phase mod ulation (S PI\4) . The group ve loci ty dispersion (GVD) in the SPM medium 

makes time resolution worse, and the band width of the acquired probe pulses is usually 

limited within the wavelength region from 400 nm to 1000 nm. Nishioka and co-workers 

have reported the generation of ultrabroadband fe mtosecond pul ses ranging from 150 nm to 

1000 nm r6l , bul the appl ication of these pulses to time-resolved spect roscopy has not yet 

been performed. Femtosecond time-re. olved UV absorption spec tra in the wavelength region 

shorter than 400 nm has never been reported so far to the best of my knowledge. It is 

probable that all the above-mentioned problems are solved in the near future and ultrafast 

time-resolved UV-VlS absorption spectroscopy becomes a genera l handy ex perimental 

technique just like UV-VlS and FTlR . pectrometers at present. 

1-2. What will be reported and clarified 

Jn this thesis, the construction of a femtosecond time-resolved pump-probe UV-VlS 

absorption spectrometer and its application to the ultrafas t chemical dynamics of retinal in 

solution are reported. 

T11 Chap. 2, the construction of the femtosecond absorption spectrometer is described. 

The time resolution of the constructed spectrometer is about 300 fs. The center wavelength of 

the pump pulses can be tuned at 267 ± 6 nm, 400 ± I 0 nm, and 800 ± 20 nrn . Time-resolved 

spectra can be recorded by way of multichannel detection in the VIS region of 400 nm - 800 

om and the UV region of 300 nm - 400 nm. Especially femtosecond Lime-re olved absorption 

spectra in the UV region have been measured for the fust time to the best of my knowledge. I 

have also developed a no vel method to measure the chirp structure of the wide-band probe 

pulses which is important in the data processi ng of the femto ecoDd time-resolved absorption 

spectra. This method is based on optical Kerr effect tOKE), and is superior in several aspects 

over the sum or difference frequency generation (SFG, DFG ) cross-correlation method which 

is being use.d widely: The OKE cross-correlation method is more handy, more accurate, and 

much less time-consuming, and is especially powerful when the probe pulses are in the UV 

region. 

By using this femtosecond UV-VIS spectrometer. the ultrafast dynamics of retinal 

and terlhiophene have been studied from the following perspecti ves, (a), (b), and (c): 

(a) trans ~ cis photoisomerization reactions of retinal in non-polar solvents 

Since retinal has four C=C double bonds in its polyenic backbone, there are six teen possible 

----- -- -- -- - - -



ci -trans isomers as ociated with iL Among these various 

isomers . the all-trans isomer is the most stable one. 

Depending upon the nature of the solvents, isomerization 

of the all -trans isomer to the other isomers takes place in 

the excited states. As depic ted in Fig. 1-1, all -trans 

retin al in aerated non-po lar ·olvenis such as hexane 

i. omerizes upon UV irradiation to yield I 3-cis and 9-cis 

retin a l [7-9]. This photoisomeriza tion reaction 

mechanism has not yet been c la rified because of the 

complicated electron ic structure and the ultras hort 

lifetimes of the elect ronic exci ted singlet states of retinal. 

In the present study, the femtosecond time-reso lved VIS 

absorption spectroscopy of aU- trans, I 3-cis, and 9-cis 

re tinal a nd th e fem toseco nd time-resolved UV 

absorption spectroscopy of al l-trans retinal have been 

performed. It will be shown in Secl. 3- I tbat an exci ted 

singlet s tate having a twisted struc ture at the C, =C u 

double bond pa•ticipates as a reaction intermediate in tbe 

all-trans --+ I 3-cis photoisomerization. 

:111-trtms 

ll-ds c:\. 
Fig. J-J Photoisomerization of all -tra ns 
retinal in aerated nonpolar solvents to the 
13-cis and 9-c is isomers with thei r 
respective quantum yields. 

(b) dynamic hydrogen-bonding between retinal and protic solvents in the excited states 

As retinal has a carbonyl group, it is able to form a hydrogen-bond (H-bond) with a protic 

solvenr molecu le. H-bonded al.l -trans retinal pbotoisomeri zes to yield the I l-eis isomer as 

well as l3-cis and 9-c is, and the quantum yield of all -trans --+ I I -c is reaction is lower than 

that of a.ll- t.rans --+ 13-cis but higher tban that of all -trans --+ 9-ci . It means that the H-bond 

fonnation greatly intluences the electronic structure and the potential surface of the excited 

states of retinal. In Sect. 3-2, the ground -s ta te UV-YLS absorption spect ra and the 

femtosecond time-resolved VIS ab orption spec tra of all-trans retinal in the mixed solvents of 

!-butanol and cyc lohex ane are shown . It will be sbown tbat chemical equilibrium is 

estab li shed between free and H-bonded retinal in U1e ground (S) and the lowest excited 

triplet state (T,) but that all the retinal molecules are H-bonded and free retinal does not exist 

in the tirst and second lowest excited singlet states (S,, S,) . 

(c) ultrafast vibrational relaxation in a-terthiophene 

The dissipation of vibrational excess energy of photoexcited polyatomic molecules in liquids 

occurs in the femto- or pico econd time range. Such ultrafast energy dissipation is caused by 

so lven t-solute interaction. Vibrational re laxat ion is fo llowed by subsequent physical and 

chemical processes, and the di stribution of vibrational energy strongly influences a chemical 



reaction. Therefore, a chemical reaction in the solution phase is vastly different from that in 

the gas phase. In Chap. 4, the femtosecond time-resolved VIS absorption spectra and the 

picosecond Lime-resolved Raman spectra of o:-terthiophene in cyclohexaoe are presented. It 

will be shown that the vibrational energy redistribution and relaxation processes are clearly 

observed in o:-terthiophene. 

In Chap. 5, all the studies in this thesis are summarized shortly. 
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2. Femtosecond time-resolved UV-VIS absorption spectrometer 

In order LO obtain ptco- or femtosecond time reso lution, a s pecial technique 

based o n corre lauo n betwee n opti cal pulses is used . There are two kinds of pul ses 

employed in the corre lation method. One is incoherent nanosecond pulses of which 

correlation lime is short. The other is ull rashort pulses of which pulse width is in the pica

or femtosecond time range. The Iauer is far more use ful and general at present. ·11ten. the 

generation o f femto~econd pules is the lirst and foremost important factor in fenllosecond 

timc.-resol ed s pec troscopy. Th e next is optical measurement tec hniques and data 

process ing . Thi s c bapter con s is ts of two pa rts describing the cons truc ti o n of th e 

femtosecond Umc-rcsolved UV-VIS absorpti on spcctromelcr. In Sect 2- 1, 1hc working 

principles o f the femtosecond laser is explained. In SccL 2-2, the optical measurement 

se tup and the pcrfonnance of 1he constructed ~.pectromel.er are described. Especially, the 

measure ment technique of the chirp structure of wide-band ultrasho rt pulses and the 

es timrnion of the time resolution arc described in detail. 

2·1. Femtosecond laser 

2·1-l. Overview 

Lasers have to satisfy the following three requisites in order to be able to generate 

stable ulu·a5bon optical pulses of wh.icb rhe pulse width is less than 100 fs. 

(a) The gain band width should be sufficiently wide. 

(b) The phases of the oscillating longitudinal modes should be locked. 

(c) An optical elemeot having negative GVD should be included in the cavity. 

These requisites are deduced from the fact that the Fourier transformation of the time 

repre entation of the elec tric field of optical pulses corresponds to the frequency 

representation of it and vice versa. For requisite (a) , it is impot1ant that the gain medium has a 

wide absorption or fluorescence band just as dye solutions and ion-doped crystals. The mode

locking tecllnjque enables requisite (b) . The advance of the ultrashort pulse generation 

technique has been accompanied by the development of various mode-locking techniques. A 

prism pair is the best-known optical element for requisite (c) [ I]. The colliding-pulse mode

locked (CPM) ring dye laser reported by Fork et al . in 1981 [2] satisfied these three requisites 

for the first Lime and generated stable ultrashort pulses of which Lbe pulse width is less than 

I 00 fs . The gain medium and the passive mode locker of the CPM laser were both dye 

o!Ulions. The CPM la~er was dominantly used in femtosecond time-resolved spectroscopy 

for about ten years, but it has two drawbacks: lroublesome maintenance and difficulty in the 

alteration of oscillating wavelength. Both of them are due to the simultaneous use of the two 

dye solutions. 

Ti:sapphire lasers have overcome these two drawbacks and have spread rapidly. The 

mode-locked operation of Ti:sapphire.lasers was fust reported in 1989, and since then various 

new mode-locking methods have been developed l3-7]. Though al l these methods gave stable 



femtosecond pulse , the most prevailing method among them i: self mode locking which is a 

mode-locking technique without any special mode locker such as an electro-optic modulator 

or a saturable absorber. Therefore, the cavity of self mode- locked lasers is very simple in 

spite of their femtosecond-pulse generation, and their runing range of oscillating wavelength 

is not limited by mode lockers at all but determined by solely the coating of the mirrors in the 

cavity. Though the mechanism of the femtosecond-pulse generation by elf mode locking has 

not yet. been clarified thoroughly, significant contribution of third-order nonlinear optical 

effect such as Kerr-lens effect has been pointed out as the possible mechanism for mode 

locking. It is noted that the replacement of a liquid ga in medium with solid one is of great 

effect, not only in the stabi lization of the output but also in the improvement of tunability and 

the simplification of mode locking. Recently, it has been shown that positive GVD in a 

Ti:sapphire crystal prevents output pulses from being shortened further, and that by using a 

crystal of shorter optical path length one can produce pulses as short as I 0 fs !"8, 9]. 

The excitation light sources of the above-ment ioned femtosecond lasers are 

continuous-wave (CW) lasers such as Ar' lasers. Tbe output pulse energy of CW mode

locked femtosecond lasers is u ually about 0.1 nJ - I 0 nJ which is insufficient for wide-band 

continuum generation by means of SPM. For use in femtosecond time-resolved UV-VIS 

absorption spectroscopy, the ampliiication of the output of CW mode-locked femtosecond 

lasers is indispensable. The gain band width of amplifiers has to cover the spectrum of input 

femto econd pulses. The repetition rate of CW mode-locked femtosecond lase rs is usually 

about I 00 MHz, but it i impossible at present to keep this repetition rate until after the 

amplification. In the amplification process. high pulse energy is ach ieved at the expense of 

the reduced repetition rate. Using dye lasers as mode-locked femtosecond lasers, typically 

high pulse energy of about 100 ~ - 200 ~ was obtained by making use of multi-stage dye 

amplifiers at low repetition rates of about 10Hz, and pulse energy of I ~J - 10 ~J was 

obtained by multi-pass dye amplifiers at higher repetition rates of about 10kHz. In the 

ampl ification of the output of mode-locked Ti:sapphire lasers , Ti:sapphire crysta ls are 

generally used as gain media, and the regenerative amplification method is often adopted by 

taking advantage of their longer excited-state lifetime than that of dye molecules. The 

Ti:sapphire regenerative amplifiers gives pulse energy of about 500 ~J - I mJ at a repetition 

rate of I kHz. The output of the Ti:sapphire regenerative amplifiers is genera lly more stable 

and has better beam quality than that of dye amplifiers. These advantages has enabled stable 

wavelenglh conversion by optical parametric amplification (OPA) seeded with the output of 

the regenerative ampli fiers [ l 0-13]. 

2-1-2. Ti:sapphire laser 

2-1-2-1. Self mode-locked laser 

In the present study, a CW self mode-locked Ti:sapphire laser was constructed by 



modifying a commercial CW Ti :sapphire 

laser (Spectra Physics, Model 3900S). Its 

cavity configuration is shown in Fig. 2-1. 

The ex c itation light source of the 

Ti:sapphire crystal was a multi-line CW 

Ar' laser (Spectra Physics, Model 2060 

BeamLok ). The Ar' laser was operated at 

average power of about 3.3 W, though its 

speci.fied maximum power was 8 W. The 

. linear polarization direction of the output 

o f the Ar ' laser was vertical, but was 

SL I 
P1 ; <fill""" 

.?' 

MS 

t 

+------ CW Af' 

Fig. Z..l CW self mode-locked Ti :sapphirc laser cavity. 

OIJ!PIII 

MI. end mirror; M2. concave mirror; M 3. dichroic concave 
mirror; M4. output coupler. M S . concave mirror; PI and P2 . 
Brewster di persion prism; R. Ti :sapphire rod; SL1 , variablt! slit 
for Luning; SL2. variable slit for mode locking. 

altered to be horizontal by a pair of mirrors before entering the cavity. A Ti:sapphire crystal 

R, a concave mirror M5 for focusing the Ar• laser output into R, and all the mirrors M l - M4 

inside the cavity were used as they were in the commercial CW laser. There were fom points 

of ll1e modification for mode-locking operation. 

(a) The cavity length was extended by putting Ml and M4 further from R. 

(b) A pair of Brewster dispersing prisms P J and P2 was put between M I and M2. 

(c) A movable and variable slit SLI was put between PI and P2 as an alternative of a built-in 

birefringent filter for wavelength tuning. 

(d) A movable and variable sJjt SL2 was put just in front of M4 for mode-locking operation. 

PI and P2 were identical and made of LaFN28 glass. The prism angle was determined to set 

tbe angle of incidence which gave the minimum deviation being equal to the Brewster angle 

at a wavelength of 800 nm. 

When SL2 was opened fully, the laser oscillated in the CW mode with the output 

average power of about 0.5 W. The mode-locking operation of the laser was obtained by 

gradually closing SL2 until the CW output power decreased to about 0.1 W and then tapping 

the optical table on which the laser was placed. The typical output of tlle self mode-locked 

Ti:sapphire laser was as follows: pulse width , I 00 fs ; center wavelength, 800 ± 20 nm; 

repetition rate, 84 MHz; average power, 0.1 W. The repetition rare was the inverse of the lime 

during which a pulse goes round the cavity once. The pulse width wa determined by the 

nonlinear optical effect and the positive GVD in the crystal Rand the negative GVD provided 

by the pair of PI and P2. The extent of the nonlinear optical effect in R could not be varied 

effectively because the power was almost fixed. The extent of the positive GVD in R also 

could not. be varied effectively because tlle lengtll of R was fixed. The extent of the negative 

GVD provided by the prism pair could be varied by changing the distance between PI and 

P2, and consequently the shortest pulse width obtained so far was about 60 fs. The center 

wavelength could be varied by moving SLl , and the tuning range was limited by the coating 

of t11e mirror M l - M4. 

The SHG intensity auto-correlation trace of the output of the constructed elf mode-



locked Ti:sapphire laser is shown in Fig. 2-2 

which was mea ured by using a home-made 

rapid-scanning auto-correlator. The spectrum of 

the output of the laser is shown in Fig. 2-3 which 'f 
e .. was measured by using a polychromator and a 

ceo of a time-resolved absorption spectroscopy 

se tu p desc ribed in Sec t. 2-2-2. On the 

assumption that the envelope of the e lectric field 

of the output pulse is expressed by a Gaussian 

function , the full width at half maximum 

(FWHM) of the auto-correlatiotl trace was 

obtained as 140 fs by way of fitting in Fig. 2-2, 

and then the pulse width was calculated at l 00 

fs. On the assumption that the band shape in Fig. 

2-3 is expressed by a Gaussian function , the 

band width was obtained as 210 em·' by way of 

fitting. Then, the product of the pu.l se width and 

the band width is 21 ps em·' . That of an ideal 

Fomier-transform limited pulse with a Gaussian 

envelope is IS ps em·'. Tllis mean that a chirp 

was irnpres ed on the output pulse of the present 

self mode-locked Ti:sapphire laser. If a proper 

GVD compensation is done on the output pulse, 

a compressed pulse of 70 fs can be obtained with 

the same band width. 

2-1-2-2. Regenerative amplifier 

A commercial regenerative amplifier 

(Ciark-MXR, CPA-I ) was used to amplify the 

J 

timede!ay / ls 

Fig. 2-2 SHG intensity auto-correlation trace of the 
output of the constructed self mode-locked Ti :sapphire 
la!<ler. 

~ 
§ 

~ ... 0.5 

·~ • £ 

wavaleogth/nm 

Fig. 2-3 ln lCnsi ty spectrum or th e output of the 
conSinJCtcd self mode-locked Ti:sapphire laser. 

output of the elf mode-locked Ti:sapphire laser. 
"' 

The details of the regenerative amplifier is not § £ 
described in this thesis. The typical output of the 

regenerative amplifier was as follows: pulse 

width , 2 10 fs ; center wavelength, 800 ± 20 nm; 

repetition rate, I kHz; average power, 0.5 W. The 

SHG intensity auto-corre la ti on trace of the 

amplified output is shown in Fig . 2-4. The 

specrrum of the amp! ified out pur is shown in Fig. 
Fig. 2-4 SHG intensi ty auto-correlation Lracc of the 
rcgenarati vc ampli fier output. 



2-5. The auto-correlation trace and the spectrum 'or-;::::::;i;;=:::::!:=~;--r-.--r-l 

were both measured by utiliz.ing a time-resolved 

absorption spectroscopy setup described in Sect. 

2-2-2. The band width in Fig. 2-5 is 0.8 times as 

much as U1at before the amplification in Fig. 2-3, 

and the sharp edge of the band feature the 

spectrum of the amplified output. The narrower 

band width and the sharp edges are primarily due 

to the insufficient band width of the 

transminance of the pulse s tretcher in the 

regenerative amplifier. The gain band width of 

I 
i OS 

wavelangthl nm 

Fig. 2-5 Inten sity spectrum of the regener~Hive 

Lhe regenerative amplifier cavity jtself is amplificroutpm. 

probably enough. The pulse width of the amplified output is twice as much as that before the 

amplification. The lon ger pulse width is caused by the pulse stretcher and the pulse 

compressor in the regenerative amplifier. Though the pul e width of the amplified output 

strongly depends on the alignments of the pulse stretcher and the pulse compressor, it was not 

possible to acquire the amplitied output of which the pulse width is shorter than 210 fs. The 

product of the pulse width and the band width was finally 34 ps em·' which is more than twice 

as large as the ideal value. Though such a large product is not preferable for time-resolved 

spontaneous Raman spectroscopy [14], no serious problem is brought about in time-resolved 

UV- VIS absorption spectroscopy. 
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2-2. UV-VIS absorption spectroscopy 

2-2-1. Introduction 

Femtoseco nd time-reso lved U V- VlS absorption spectro copy is the mos t 

fundamental method to study ultrafast exci ted-state dynamics among a lot of femtosecond 

time-resolved spectroscopic techniques developed so far. Molecules in condensed phases at 

room temperature usually have wide UV-VTS absorption bands of which the band width 

ranges from about 100 em·• to 5000 cnT'. It gives UV-VIS absorption spectroscopy both an 

advantage and a disadvantage simultaneously. The fonuer is that it is in principle possible to 

obtain sufficient time resolution as fast as 10 fs or 100 fs without any sacrifice of spectra l 

information, because spectral resolution as high as I cnT 1 or 10 em 1 is unnecessary at all in 

UV-V IS ab. orpt ion spectroscopy. The latter is that it is mostly difficu lt to obtain decisive 

informati on about the molecular tructure of a reaction intermediate from UV- VIS absorption 

pectra, because broad absorption bands are usuall y not sensiti ve enough to the molecular 

tructure. Vibrational spectroscopy has an opposite advantage and disadvantage. Picosecond 

time-re olved Raman spectroscopy has already been established [14, 15) and a lso severa l 

femtosecond time-resolved Raman measurements have been done. At present, the variable 

range of the excitation wavelength of ultrafast Raman spectroscopy is still not wide enough. 

Ultrafas t IR spectroscopy has been making a great advance in these five years [16-18]. but 

measurable wavenumber range is still limited. Therefore, time-resolved UV-VJS absorption 

spectroscopy as well as fluorescence spectroscopy is still one of the most powerful tools to 

study chemical reaction dynamics which includes an intermediate of wh ich the lifetime is in 

the subpicosecond or femtosecond lime range. 

In femtosecond time-reso lved UV-VIS absorption spectroscopy, pump and probe 

light have to be fe mtosecond pulses . .In measuring a time-resolved absorption spectrum , it is 

desirable to employ wide-band probe pulses and a multichannel detector. The on ly known 

way to obtain wide-band femtosecond pu.lses of which the band width is more than I 000 em ' 

is to focus intense femtosecond pulses whose pulse energy is at least I J.!l into a transparent 

medium such as water. glass, and so on and broaden the band width by means of SPM [ 19]. 

The spectrum of wide-band femtosecond pulses obta ined in this way depends on the pulse 

width, the pulse shape, the peak power of the input femtosecond pulses, and the third 

nonlinear optica l susceptibility and U1e path length of the transparent medium. Though the 

ge neration of wide-band femtosecond pulses in the VIS -NTR region extending from 

wavelength 400 nm to 1000 nm has already been reported by a lot of groups, that in the UV 

region shorter than 400 nm bas been reported only by Nishioka et al. [20] who used 250-mJ 

femtosecond pulses and a 9-m tube filled wiU1 rare gases as SPM media. As far as the pump 

pulses are concerned , it is highly desirable that the center wavelength of the pump pulses are 

tunable over a wide range to study various molecular systems. The wavelength convers ion of 

femtosecond pulses has been performed by continuum amplifiers [21 -23], parametric 



conversion techniques such as OPA [ 10-13], and harmonic generation. It is pos ible at present 

to obtain femtosecond pump pulses of almost any arbitrary center wavelength wi thin a range 

from 260 nm to 1000 nm. 

2-2-2. Optical measurement setup 

The optical measurement setup of femtosecond time-resolved pump-probe UV-VlS 

ab ·orption spectroscopy was constructed using the output of the Ti:sapphire regenerative 

amplifier as a light somce that was described in Sect. 2- 1. ln thi s section , a measw·ernent 

etup which employs femtosecond pump pulses with a center wavelength of about 400 nm is 

described. 

In Fig. 2-6, a schematic representation 

of the optical measurement setup for 

femtosecond rime- reso lved VIS absorp ti on 

spec troscopy is ·hown . The output of the 

regenerative amplifier whose center wavelength 

is about 800 nm was divided into two beams by 

a beam spl.itter. One of the beams with a pulse 

energy of about 200 - 300 ~J was focused into 

water in a flow-type cuvette and converted into 

wide-band femrosecond pulses by means of 

SPM. The wide-band beam thus generated was 

further split into two which were used as probe 

and re ference light. The path le ngth of the 

cuvette was I 0 mm. The second beam with a 

pulse energy of about 1.00 ~ was focused into a 

KDP crystal to obtain pump light of which the 

center wavelength was about 400 nm. Tbe path 

length of the KDP crystal used was l mm. Time 

,.,.., ..,.,, 
"""m 

Fig. 2-6 Schematic of the optical measurement setup 
of femtosecond tim e-reso lved V IS absorption 
spectroscopy. 

delay between the pump and the probe was controlled by a translation stage driven by a 

stepper motor. Sample solutions were spouted by a magnet-gear pump as a jet sheet from a 

nozzle specially designed for use in CW dye lasers. The diameter of the pump beam on the jet 

sheet was about 0.6 mm, and that of the probe beam was about 0.4 mm. The flow speed of 

sample so lutions was sufficienUy rapid to exchange them between laser shots. The probe 

beam which transmitted the photoexcited sample area (0.3 mm2
) and the reference beam were 

focused onto different positions of the entrance slit of a single poJycbromator (Jobin Yvon, 

HR320) by which botb of the beams were dispersed, and detected simu ltaneously by the 

different tripes of a liquid nitrogen cooled CCD of 1100 (horizontal) x 330 (vertical) pixels 

(PrinCeton fnstruments, LN/CCD- llOOPB/UVAR). The grating of the polychromator had l SO 
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grooves per 1 mm. A mechanical shutter was used to switch the pump beam on and off. All 

the beams were linearly polarized. A sheet polarizer was used for the wide-band probe 

continuum to minimize the effect of GVD. The polarization direction of the pump beam was 

rotated by a half-wave plate o that it formed an angle of 55 degree with that of the probe 

beam. 

A schematic representation of the 

optical measurement setup of femtosecond time

re olved UV absorption spectroscopy is shown 

in Fig. 2-7. ln what is following , a brief 

description of the UV experimental setup is 

given with emphasis on the aspects different 

from those in the VIS setup already described 

above. The utput of t.he regenerative amplifier 

was frequency-doubled using a 880 crystal of 

3-rnm path length to generate UV femtosecond 

pulses. The center wavelength of the UV pulses 

was about 400 nm, and the pulse energy was 

about I 00 J.tl. The e intense UV femtosecond 

pulses were focused into water and converted to 

wide-band continuum by means of SPM. After 

the spectral component of which the wavelength 

was longer than 390 nm was removed by the U-

340 optical fi lt er (HOYA), tbe wide-band 

Fig. 2-7 Schematic or the optical measurement setup 
or fe mto seco nd time-resolved uv absorplion 
spectroscopy. 

continuum was used as a probe beam. This was done especially because an intense 

component at 400 nm which was not preferable for the present purpose still remained even 

after the SPM continuum generation. The fundamental output of the regenerative amplifier 

which was t.he residual after the SHG was again frequency-doub led by a KDP crystal of 1-

mm path length, and was used as a pump beam. No reference beam was prepared because of 

the lack of a proper beam splitter. The beam diameter of the pump beam and that of the probe 

on the jet sheet were both about 0.2 mm. The grating of the polychromator had 600 grooves 

per l mm. 

In boU1 the VIS and tbe UV setup, the angle between the li near polarization direction 

of the pump beam and tbat of the probe beam was set to 55 degree. It is for t.he purpose of 

removing the influence of rotational relaxation from time-resolved absorption spectra. It is 

well-known technique in fluorescence spectroscopy, and an angle of 55 degree is generally 

called a magic angle. If the direction of a transition dipole moment interacting with pump 

light is parallel to that of a tnmsition dipole moment interacting with probe light as in t.he case 

of fluorescence spectroscopy. it is self-evident that the magic-angle technique removes the 

influence of rotational relaxation. In fact , even if t.hey are not parallel as in the general ca~e of 
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time-re~olved absorption spectroscopy, it can be easily shown that the .influence of rotational 

relaxation is removed by the magic-angle technique in the same way. The angle between the 

direction. of those two transition d ipole moments only influences the initial anisotropy of 

pump-induced absorbance. 

2-2-3. Performance of spectrometer 

2-2-3- L. Measurable range and accuracy of wavelength 

Since the CCD used in thi. study had enough sensitivity in the wavelength range 200 

nm - 1100 nm, the measurable wavelength range of the constructed femtosecond UV-VIS 

absorption spectrometer was determined by the intensity spectrum of the femtosecond wide

band probe light. 

In Fig. 2-8, the spectrum of the wide

band probe light used in the VIS setup is shown. 

The sen ·itivity of the detection system was not 

con·ected. The intensity in the wave length range 

700 nm - 800 nm was rather weak because of a 

NIR-cut filter just in front of the polychromator. 

The wavelength range from 400 nm to 800 nm 

was simultaneously measurable in femtosecond 

time-resolved VIS absorption measurements. 

Since the slit width was as narrow as 10 ~m, the 

pixel size of the CCD determined the spectral 

reso lution which was about 0.5 nm. Wavelength 
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Fig. 2-8 lmensily spectrum of femtsosecond VIS wide
band probe pulses. 

calibration was done by using the emission spectrum of a Hg lamp (Fig. 2-9) and that of a Ne 

lamp (Fig . 2-10). The maximum deviation of the calibrated wavelength from the 

wavelengths of tbe emission lines in literature was about 0.2 nm. 
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Fig. 2-9 Emission spcclrum of a Hg lamp for V IS 
wavelenglh calibration 
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Fig. 2·10 Emission spectmm of a Ne lamp for V IS 
wavclenglh cu librati n. 



The spectrum of the wide-band probe 

light used in the UV setup is shown in Fig. 2- 11 . 

The sensitivi ty of the detection system was not 

conected. The U-340 optical filter was used as 

mentioned in Sect. 2-2-2. This filter absorbs 

light of which the wavelength is longer than 390 

nm. The wavelength range 3 10 nm - 390 nm 

was simultaneously measurable in femtosecond 

time-resolved UV absorp ti on measurements. 

Since the U-340 fil ter is not transparent in the 

wavelength range shorter than 260 tlln, another 

optical fi lter (ASAHl , UV lon g-c ut filter) 

transparent in the wavelength range 200 nm -

340 nrn but not in the range 350 nm to 410 nm 

was used instead to chec k the UV probe 

intensity in the range 200 nm - 300 nm as 

shown in Fig. 2- 12. It is recognized that a 

spectral component of which the wavelength 

was shorter than 300 nm was not suffi c ient 

enough for absorption measurements. Though 

several conditions including focal distance of the 

focu in g le ns u ed in th e SPM co ntinuum 

generation. the SPM medium itse lf, and path 

length of the fl ow-type cuvette were varied, 

wide-band UV light which had enough intens ity 

Fig. 2-11 lntcn~it y ~pcctrum of femtosecond UV wide
band probe pulses. 
A U-340 filer (HOY A) was used w cut an intense 400-
nm component. 
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Fig. 2-12 lmensiry spectrum of femlOsccond UV wide
band probe pulses. 
A UV long-cut filer (ASAHI ) was used to cut an 
intense 400-nm componenl. 

in the wavelength range shorter than 300 nm was not obtained. Since the UV probe light was 

absorbed by samples, the slit width was Set to be as wide as 200 ~tm . Thus the spectra l 
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Fig. 2-13 Emission spectrum of a l·lg lamp for UV 
wavelength calibration. 
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Fig. 2- 14 Emission spec trum of a Ne lamp for UV 
wavclcnglh calibration. 



resolution wa about l nm, which was worse than that in the VIS setup in spite of the grating 

of higher dispersion. Wavelength calibration was done by using the emission spectrum of a 

Hg lamp (Fig. 2- 13) and that of a Ne lamp (Fig. 2- 14). The maximum deviation of the 

calibrated wavelengths from the wave lengths of the emission lines in literature was about 

0.06 nm. 

A lithe wave lengths reported in this thesi are values in air. 

2-2-3-2. Accuracy of absorbance 

The first purpose of time-resolved UV-VIS absorption spectroscopy is to measure tbe 

UV-VIS absorption spectra of molecules in electronic excited states or that of reaction 

inrermecliates. In this case. the measurement of a base line which is usuall y necessary for 

acquiring ground-state absorption spectra is not essential. In the present spectrometer, the 

spectrum of the probe light and that of the reference were measured twice; (i) when samples 

were not irrad iated with the pump ligh t (pump oft), and (i i) when they were irradiated with 

the pump light (pump on). Absorbance A at wavelength ..1., was expressed as follows: 

(2- 1) 

where 1;;~,1,._ , was the intensity of the probe light at A. on the i th exposure of the CCD when 

the pump was off. I;~'-' was the intensity of the reference light at ..1. on the i th exposure of 

the CCD when the pump was off, and the others in which off was replaced with 011 were 

those when the pump was on. N was the total number of the exposures of the CCD. ln the 

UV setup, t;"J,_, = t;;[,.; = I , since no reference beam was prepm·ed as mentioned in Sect. 2-2-

2. The most desirable method for the data accumulation is to synchronize the exposure of the 

CCD with the laser shots. However the laser repetition rate of I kHz was too high to 

synchronize the CCD ex posure. Therefore, the CCD was operated in an asynchronous mode 

without decrea ing the repetition rate of the laser. The exposure time of the CCD was about 

0. I s - I s. Lf it was I s, for example, the accumulation of 1000 laser shots was achieved in 

every exposure. The total number of the exposures N was typically about 5- 20. 

The accuracy of absorbance in pump-probe measuremems is determined by the 

fluctuation of pump intensity and that of probe spectra. In the present spectrometer, the 

former was easily kept within ±5% which was regarded as table enough. As a result, the 
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accuracy of absorban ce of the present ,~,...-----.-----..------.------., 

spectrometer was primarily determined by the 

latter, and was estimated in the following way: 

Absorption measurements were performed with 

the pump off all time instead of switching it on 

and off in a typical measurement procedure as 

described in Eq. (2- 1 ). lf the probe spectrum was 

perfectly stab le, absorbance at all tbe 

wavelengths acquired in this method must be 

eq ual to 0. Thus. the absorption spectrum 

acquired in this method exactly expressed the 

accuracy of absorbance at each wavelength. An 

accuracy spectrum of the VIS setup and that of 

the UV setup are shown in Fig. 2-15 and 16 

respectively. The exposure time of the CCD was 

1 s, and the total number of the exposures was 

10. ll can be easily recognized from Fig. 2-15 

th a t the fluctuation of absorbance in the 

wavelength range 430 nm - 710 nm was about 

±0.003, that in the range 400 nm - 430 nm was 

about ±0.0 l, and that in the range 710 nm - 800 

nm was about ±0.015 . The larger fluctuation in 

the range 400 nm - 430 nm and 710 nm - 800 

nm was due to the weakness of the probe and the 

reference intensity in this range. It is realized 

from Fig. 2-16 tbat the fluctuation of absorbance 

in the wavelength range 3 10 nrn - 385 nm was 

~~.00~--.00~--~600~--~--~. 

wa'~Mngd"l / nm 

Fig. 2~ 1 5 Typical VIS absorpt ion :~o pcctrum without 
pump light. illustrating the accuracy of absorbance (sel! 
text ). 
CCO exposure time. I s; number of exposures. I 0. 

0.02 1tf'lr----.----.--.----,-----., 

Fig. 2~ 16 Typica l UV absorption spectrum without 
pump light. illustrating the accuntcy of absorbance (sec 
tCXI ). 
ceo exposure lime. l s; number of exposures. 10. 

about ±0.004, that in the range 300 nm - 310 nm and 385 nm - 395 nm was about ±0.02. The 

larger fluctuation in the latter was due to the weakness of the probe intensity in those ranges, 

and especia lly the probe intensity spectrum in the range 300 nm - 3 10 nm was unstable. 

2-2-3-3. Time-resolution and chirp correction by OKE method 

The refractive index of materials depends on tbe frequency of light. ln the UV-VIS 

region , the higher the frequency is, generally the larger the refractive index becomes. Tben, 

light of higher frequency has a slower phase velocity. Ultrashon light pulses travel at a group 

velocity that also becomes smaller in materials with an increase in the optical frequency. 

Then group velocity dispersion (GVD) is defined as posi tive or normal. When a Fourier 

transform-Limited pul e passes through a material having GVD, a chirp is impressed on it and 
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it is not Fourier transform-limited any more. Since a chirp, or frequency sweep, which 

originates from positive GVD is in a direction that the frequency becomes lligber toward the 

trailing edge of a pulse, it is called an upchirp. 

The broader the spectral width, the larger the effect of GVD. Wide-band probe pulses 

used in femto ·econd time-resolved UV-V lS absorption spectroscopy almost always have an 

upchirp impressed on them because of the positive GYD of optical elements on their optical 

path and of an SPM medium itself. Thus, the longer-wavelength component of probe pulses 

reaches a sample ea rlier than the shorter-wavelength component. Such a wavelength

dependent temporal structure of wide-band probe continuum is not suitable for pump-probe 

time-resolved absorption measurements . Tn principle. the upchirp of femtosecond wide-band 

continuum pulses can be compensated so that they are compressed into Fourier-transform 

limited pulses by app lying proper negative GVD [I, 24]. The whole VIS region over 10000 

e m ' is usually required for practical absorptio n measurements. This spectral width 

corresponds to I fs in temporal width, which is much shorter than the minimum pulse width 

(6 fs} realized so far [25]. Therefore, it is unrealistic to totally compensate the upcllirp of 

femtosecond wide-band probe pulses by app lying proper negative GVD. As a practical 

alternative. the temporal structure of the wide-band probe pulses is measured before or after 

an absorption measurement, and the probe-wavelength-dependence of the time delay between 

pump and probe is corrected on data processing to acquire "real" time-resolved absorption 

spectra [26-28]. Let tllis procedure be called chirp correction. 

The best-known available technique for 

mea~u ring lhe temporal structure of femtosecond wide

band continuum pul ses is the sum or difference 

freq uency generation (SFG or DFG) cross-correlation 

method using a nonlinear crystal such as KDP and BBO 

[ 19, 26, 27]. A schematic rep resentation of the optical 

measurement setup of the SFG cross-correlation method 

construc ted according to the literature [ 19, 26, 27] is 

s hown in Fig. 2- 17. In the SFG cross-corre lati on 

measurement , the samp le of the abso rpti on 

measurements (Fig. 2-6, 7) was replaced with a 

nonlinear cry tal in which pump and probe light were 

optically mixed. The light intensity at the sum frequency 

of the monochromatic pump pulse and the wide-band 

probe pulse was measured while scanning time delay. A 

spec tral portion of the continuum probe pulse was 

selected by changing the phase-matching angle of the 

Fig. 2-17 .'chematic of the optica l 
mea surem ent se tup of the SFG cross
correlation method. 

nonlinear crystal. A monochromator was used fo r extracting the generated sum freq uency. 

The cro s-correlation traces thus measured at different wave lengths which correspond to the 



sum frequencies of the pump pulse and different spectral components of the wide-band probe 

pulse have their peaks at different time delays . The time delays thus obtained are generall y 

regarded as the origins of time delay for those spectral components of the probe, because 

SFG in a tran parent nonlinear crystal is an instantaneous process. 

The intensity of the SFG signal fsFG obtained using the setup shown in Fig. 2-17 can 

be written as a function of angular frequency of the SFG light WsFG and time delay I""'"' . At 

first , let the electri c field of the pump pulse EP""''' and that of the probe pulse £1,,.1, . be 

written as a function of rime t in a complex form as follow ·: 

(2-2) 

(2-3) 

where Ev,,,., and Ev1""'" are the envelopes of the electric fields , w,,.,,P and w P"''"' are the 

central frequencies, and 1/J(I) is a real function whlch represents the chirp of the probe pulse. 

If the probe pulse is Fourier transform-limited, 1/J(/) is equal to 0. lt is assumed that the pump 

pulse is Fourier transform-limited. The electric field of the SFG light EsFc(l) is given by 

(2-4) 

where I"""'' is pos.itive when the pump pulse reaches the crystal em-Jier than the probe. In 

writing Eq. (2-4), coefficients of less importance are omitted, aod also they will not be 

considered in the further discussions. Let the Fourier transform of electric field E(t) in the 

time domain be expressed as E(w) in the frequency domain . In the SFG method, the 

spectrally resolved intensity of the SFG light is measured as mentioned above. Then, the 

following equation is obtained: 



exp(i{¢(11)-¢(11 +12 )}] . (2-5) 

The trace of time-delay dependence of tlm signal intensity I sF<; at a fixed angular frequency 

rosFC; i regarded a~ the cross-correlation trace between the pump pulse and the probe spectral 

component of which the angular frequency is rosFG- (1)1,,,1, . The time delay r;~:;;' (rosp() 

which gives the maximum of the cross-correlation trace is interpreted as the origin of time 

delay for that spectral component of the probe pulse. The FWHM of the cross-correlation 

trace, rt;"' (WsFG) , corresponds to the time-resolution of the pump-probe mea urement. The 

derivation of tt:'c:· (ro FG) and T./,~;"'(roua) is described later in this section. 

There are following three practical drawbacks in the SFG (or DFG) cross-correlation 

technique as a method of measuring chirp structures for the purpo e of the chirp correction of 

femtosecond time-resolved UY-VIS absorption spectra: 

(a) The amount of GVD which broadens the temporal width of the wide-band probe pulse in 

the SFG cross-correlation measurement (Fig. 2- 17) is not exaclly the same as that in the time

resolved absorption measurements (Fig. 2-6, 7) , because the sample of the absorption 

measurements has to be replaced by a nonlinear cry ·tal. 

(b) The SFG cross-correlation measurement is time-consuming. The adjustment of the phase

matching angle of a nonlinear crystal and the scanning of time delay are necessary each time 

the SFG light intensity of different wavelengths is measured. It is difficult to obtain more than 

twenty SFG cross-correlation traces in an hour. Tt also takes about half an hour or more to 

change the setup from the absorption measurement to the SFG cross-co rrel ation 

measurement. 

(c) Especially in the case of the UV probe pulses , it is sometimes impossible to measure the 

chirp structure in all the wavelength range of the wide-band probe with only one nonlinear 

crystal. In this case, it i necessary to use several sets of not only a nonlinear c.rystal but also a 

monochromator and a detector. 

The drawback (a) i particularly noticeable, when samples are in a cuvette or a cryostat, or 

when I 0-fs ultrashort pulses are used. As regards the drawback (b), in fact there has been no 

paper so far that reported more than twenty SFG c ross-correlation traces at different 

wavelengths. As one example of the drawback (c), there is no crystal with which a 400-nm 

pump pulse and a 350-nm component of a UV probe pulse are optically mixed for SFG. 

Though it is not impossible to generate the difference frequency of thi s pair of the pulses 

which is about 3600 em 1, it is too troublesome to generate and detect the lR signal for the 
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purpose of chirp cotTection. 

A precise and convenient cross-correlation method 

which overcomes all these three d raw backs bas been 

recently developed by the author [29]. This method utili zes 

non-resonant optical Kerr effect (OKE) instead of SFG or 

DFG. Let this method be cal led OKE cross corre lation. A 

schematic representation of the opt ical measurement setup 

of the OKE cross-correlation method is shown in Fig. 2- 18. 

When a so lu ti on sa mpl e was used in the a bsorpt io n 

measure me nts, th e sa mp le used for th e OK E c ross

correlation measurement was j ust the so lvent withou t a 

solute. The difference be tween the OKE se tu p in Fig. 2-18 

and the absorption setup in Fig. 2-6 or Fig. 2-7 was only an 

analyzer po larizer of a Glan prism which was introduced 

between a samp le and the polychrom ator. Ex perimental 

condi tions in these two setups were exactly identical except 

fo r s lit w id th and so me optical filte rs in fro ot of the 

po lych roma tor. Thu s the drawback (a) was a lrea dy 

overcome. The OK.E setup shown in F ig. 2- 18 is what is 

ca ll ed a ho mody ne- de tec te d o pti ca l- Ke rr -s h utter 

config urat ion: The pu m p- induced ani so tro py o f the 

refract ive index of the sample changes the polarization state 

probe · 300 - 400 nrn 
or .tOO - 1000nm 

pump · 400nm 

halt-wave 
plata 

Fig. 2 · 18 Sc hemat ic of the op ti ca l 
mcasurcmem setup of the OKE cross· 
correlation melhod. 

of the wide-band probe beam, and the resultant change of the probe transmittance through the 

cro sed polarizer-analyzer pa ir is detected by the CCD wi th the polychromator. Let the signal 

thus detected be called all OKE spectrum. The femtosecond time-resolved non-resonant OKE 

of liquids has been s tudied ex tensively by several grollpS, and it has already been established 

that the OKE responses have rwo components: an instantaneous electronic response and a 

nuclear response with a finite ti me constant [30] . As the instantaneous component dominates 

the transient OKE signal of liquids, it always ha a peak at the ze ro time de lay [30] . 

Therefo re, it was expec ted that the OKE cro s-corre lati on method provides information 

equi va lent to th at give n by the SFG or DFG method. The idea of util izing OKE for 

char acterizing the chirp structure of wide-band probe pulses was first reported by Sala et al. 

[3 l] to the best of my knowledge. Although they pointed out the advantage of the OKE cross

correlation method fo r the purpose of the chirp correction of time-resolved absorption 

spectra. the obta ined in fo rmation on the chirp structure of wide-band probe pulses was 

li mited by their experimental res tri ctions and they cou ld not show the overwhelming 

superiorit y of the OKE method above the SFG or DFG method. 

Let the express ion of tl1e OKE spectrum 10 K£(w 0 K£> /detuy ) be derived analytically in 
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order to confirm information obtained by the OKE cross-correlation method. WoKF is 

observed angular freq uency. It is assumed that the OKE responses consist of on ly an 

instaLHaneous electronic component. The electric field of light pass ing through the analyzer 

EoKE(t) in the homodyne detection is expressed as follows : 

(2-6) 

·exp[i{ ¢(z1)- ¢(11 + 12)} ]. (2-7) 

The trace of time-delay dependence of the signal intensity foKe at a fixed angular frequency 

WoKE is regarded as the OKE cross-correlation trace between the pump pulse and the probe 

spectral component of which angular frequency is WoKE" The time delay wh.ich gives the 

maximum of the OKE cross-correlation trace is written as lb~7 (WoKe), and the FWHM of the 

OKE cross-correlation trace is ex pres ed as T/;;;~" (WoKe). 

There remains one important problem before proceeding further: What is really 

necessary for chirp correction is the origins of time delay at different wavelengths in pump

probe time-resolved absorption measurements, and it i: not self-evident that they are identical 

with those in the OKE measurement, that L, r~:J (WoKE), or in the SFG measurement , 

r~;.:;;• (WsFG). First of aU, it is necessary to define the origin of time delay in time-reso lved 

absorption measurements. Since there is no general definition, the following definition is 

adopted in this thesis: The origins of Lime delay in time-resolved absorption measurements 

are time delays when the absolute signal intensity of the bleaching of ground-state absorption 

has its maximum on the assumption tbat excited stales generated by the pump pulse decay to 
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the ground state with a time constant much shorter than the pulse width of the pump and that 

of the probe. This definition is based on a hypotheti.cal ystem which has instantaneou. 

relaxation of population. Since the absolute value of the transient absorption signal in tbe unit 

of absorbance is equal to that in the unit of u·ansmittance when the e lectric fie ld of the pump 

pulse is regarded as a perturbation, the absorption signal A as a fu nction of observed angular 

frequency w,,, and time delay '"''"' is written as follows: 

_ E,,,_(w.,,.)E,h.; (w,,_, ) + c.c. 

- l£w,, .. (w.,,,f 
(2-8) 

where c.c. is the complex conjugate of the first term . E.,",( I) is the electric field from which 

the abso rption signal originates. When the ground- tate absorption band width of the 

hypothetical ystem in the above defini tion is wide enough, £.,,, (r) is detennined by only 

E,,,..,,(l+ t,1,,,.) and E,,n" .. (t) as follows: 

E,1,_,(r) "'JE,,.,.,.,,(t + '"""JJ' E.,.,,(t) 

= EOKE( I). (2-9) 

Since the absorption bleaching s ignal is due to an absorbance change proportional to tbe 

pump light intensity and the OKE signal is due to a refractive index change also proportional 

to the pump light intensity, the fact tbat £.,1,(1) is equal to EoK£(1) is natural. However A is 

not equal to I OKE because the ab orption bleaching signal is heterodyne-detected wh.i le the 

OKE signal is homodyne-detected. From the above arguments, A is expressed after omitting 

the unimportant denominator of Eq. (2-8) in the following way: 

(2- 10) 



A can be regarded as a heterodyne-detected instantaneous OKE signal . The time delay which 

gives the maximum of the trace of time-delay dependence of the signal A at a fixed angular 

frequency w,,, is written as t,1:x (co,",), and the FWHM of that trace is expressed as 

T/;t' CWsra), Tj;;" (woKc ), T.Z""' (w,b, ) from Eq. (2-5), (2-7), (2-10) again t general Ev and 

cf! . Accordingly the following simplifications as regards the pump pulse and the probe pulse 

are introduced: 

(2- 11) 

(2- 12) 

cf!(t) = 1(/ 2 . (2-13) 

In Eq. (2- 11 ) and (2-12) . both of the electric-field envelopes are expressed as Gaussian 

function , £ pump and £,, .. 1,., are the electric-fie ld amplitudes and are positive real constants, 

d d I . . l . h 1 an -r,,..,.,,, an -r,,,.,,., are a so posJtJve real constants .J
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times as much as t e pu se 

widths. In Eq. (2-13), the chirp of the wide-band probe pulse is assumed to be a linear chirp, 

and K i a positive real constant because of the upchirp of the probe. By substituting Eq. (2-

11), (2-12), (2-13) for Eq. (2-5), (2-7) , (2-10), it i realized that the trace of time-delay 

dependence at a fixed angu lar freq uency is expressed as a Gaussian function for all the 

signals. The center position and FWHM of these traces are derived as follows: 

SFG. 

(2-14) 



(2-15) 

OKE, 

(2- 16) 

(2-l7) 

Absorption, 

(2- 18) 

(2- 19) 

On the basis of Eq. (2- 14), (2- 16), and (2- 18), Jet us first discuss the origi n of time 

delay. As regards the ori gin of time delay of the w, spectral component of the probe pulse, 

w,. reasonably satisfies w,. = Wsrc - wp•mr in the SFG measurement, w,. =WoK< in the OKE 

measurement, and w, =co,,,., in the absorption measurement Then, the. origin of lime delay 



of the cv, co mponent is proportional to co, -co~''"'", which is natura l because of the 

as. umption of the linear chirp. The coeffic ient of proportionality of the origin of time delay to 

w, -co,,,., in the OKE measurement and that in the absorption measurement are equal, but 

that in the SFG measurement is different. This is due to the fact that whereas SFG is a th.ree

wave-mixing process, OKE and absorption are both four-wave-mixing processes. However, 

the difference is very small. ln the present setup , for example, where the pulse widtb of tbe 

pump pulse was about 200 fs , the spectral width of the probe pulse was about I 0000 em ', and 

the proportional coeffi cient of lb~; (co0K,,) to co, - W 1.,0;, was about 1300 fs ' which was 

ca lculated from Fig. 2-20 shown below, the difference between lb~'{ (wOKE) and 1;;:;; (co.,-c;) 

is calculated as follows: 

f~M-'( ) (MAX('•' ) 
SFG COsm - OKF. ""OK£ = 5 5 X I o-s 

t;~~' (CO SF(;) . 
(2-20) 

which is defi ni tely not important at all. The value of Eq. (2-20) becomes larger when the 

chirp is smaller, but probably has no reason to be important in femtosecond time-re olved 

UV-VlS absorption measurements utilizing wide-band probe pulses. It is concluded from Eq. 

(2- 14 ), (2-16), and (2- 18) that the OKE method is applicable to the chirp correction of time

resolved absorption spectra according to our expectations, and to be theoretically exact, the 

OKE method is preferable to the SFG method. 

Lel us now discuss lhe time resolution. As regards all the signals, the FWHM T fwhm 

of Eq. (2- 15), (2-17), and (2- 19) does not depend on observed angular frequency. lt is also 

due to the assumption of the linear chirp of U1e probe pulse. Tfwl"'' can be regarded as the 

time resolution. The time resolution of the absorption mea~urement T!,;;'"'' is just 2 times 

as much as TJ;t of the OKE method. However, it is impossible to derive T.{:.~'"' directly 

from Tfr"/;"' of tbe SFG method. Again the OKE method is preferable to the SFG method. 

Before the experimental results of the OKE method are shown, the influence of 

widening of the probe band wid th on the time resolution is discussed. On the assumption that 

both SPM and GVD induce a linear chirp approxima tely, the dependence of the time 

resolution r t-·hm on the probe band width with GVD fixed is calculated in the following way. 

r '""'" and IC defined above are expressed as a function of GVD ( ificvo> and the proportional 

coeffi cient of a linear chirp by means of SPM ( ICsPM) as follow ·: 
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4
· [~ ~"~'1'2 ,]' +[~ · 

1 
" sPM 

2 
+1/!avv ]' 

~+K.!PM --. +KsPM 
pump T ,wmp 

By using the same values of the parameters 

as those used in deriving Eq. (2-20) , it can 

be shown that K 5n 1 =4.7 X JO·-• fs ·' and 

1/Jcvv =6.0 X I 0' fs'- Tn fig. 2- 19, the probe 

band-width dependence of T P.'I•m and the f 
probe pulse width are shown when KsPM is 

varied from 0 fs·' to 5 x I O·' fs·' and 1/Jcvo is 

fixed at 6.0 x I 0' fs' . It is clear from Fig. 2-

• ,o' 
Pfobe spectral wK!th I cm"1 

(2-2 1) 

(2-22) 

.. ,. 

2500 

2000 

1500 

1000 

soo 

il 
il 

l 
~ 
" 

19 that when the probe band width is 

increased by means of a larger KsPM value 

with positive GVD kept constant, higher 

time re olutioo is obtained though the 

probe pul se width is broadened more. 

Fig. 2-19 Probe spect ral -width dependence of the time
reso lution (absorption. SFG. OKE) and the probe pulse width 
(chirped. FT-Iimit). 

There are two methods to increase KsPM 

The extent of SPM was varied white the amount of GVO was 
fixed. 

without increasing 1/Jcvo : to use a material as an SPM medium which has a larger third-order 

nonLinear optical susceptibility, or to increase the peak power of the input femtosecond pulse 

for SPM. In either case, spectral information obtained from a pump-probe time-resolved 

absorption measurement increases when the probe band width becomes wider, and higher 

Lime resolution is also obtained even without any pecial GVD compensation. This is an 
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important advantage for absorption measurements. Fig. 2- 19 show · also r;;;~" and the probe 

pulse width when the probe pulse is formed into a Fourier transform-limited pulse by 

applying proper negative GVD. Though the probe pulse width in this case is naturally 

extremely short due to the GVD compensation, T,j~~· which is essential is not influenced so 

much by whether GVD is compensated or not. Especia lly in the range where the probe band 

width is more than 1000 em ', rt;:t• of the Fourier transform-limi ted probe and that of the 

chirped probe are almost equal. It is also applicable to T,!;;/'"' and 7/,.~"'. lt is noted that the 

time resolution is limited by the pump pulse width and extreme pulse compression of the 

probe is not effecti ve. Thus it is concluded that any GVD compensation of the wide-band 

probe is not necessary at all if only chirp correction is properly done. 
The chirp structure of the femtosecond wide- ,.,---,;--,--,---,--,---,--,----., 

band probe pulses was measured by using the OKE 

method. In Fig. 2-20, the time-resolved OKE spectra 

of hexane mea ·ured in the VIS se tup are shown. 

Background which was independent of time delay was 

subtracted. The exposure Lime of the CCD at one time 

delay point was 2 s. The sharp peak at wavelength 450 

nm in Fig. 2-20 was a Raman-induced OKE (RlKES) 

peak a signed ro the CH stretching vibration modes of 

hexane. lt is easily seen from Fig. 2-20 that the 

spectral component of the probe pulse which passed 

through the optical Kerr shutter shifted to the longer 

wavelength side as time delay increased. The OKE 

cross-correlation traces of the pump and the probe at 

different wavelengths were made from the OKE 

spectra of Fig. 2-20 by summing up over 10 CCD 

pixels for each wavelength region of about 5 nm, and 

are shown in Fig. 2-21 where intensity is normalized. 

Though only some representative cross-correlation 

· 1.6ps 

·1 .4ps 

-1 .2ps 

_,, 

-o.aps 

..(),4p5 

0.4 p$ 

O.Bps 

400 450 500 550 600 650 700 750 800 

wavelength l nm 

Fig. 2-20 Femtosecond lime-resolved VIS 
OKE speCLra of hexane m various time delays. 

traces are shown in Fig. 2-21, in fact more than 70 traces were obtained. ~~~i.~ and T!);~" was 

obtained by a Gaussian fitting. r;;;~" was about 0.3 ps though it depended a little on 

wavelength because of a nonlinear chirp. The wavelength dependence of ~~~{ thus 

determined is shown in Fig. 2-22. The overall tendency of the ~~~{ curve in Fig. 2-22 agrees 

very well with that measured by the SFG cross-correlaLion method. A ~~~; curve obtained by 

the SFG method is usually well fitted with simple expressions such as a+ bJ..-2 + cJ..-4 where 
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-1, is wavelength and a,b,c are constants , but 

small structures that ex ist at wavelength 550 nm, 

610 nm, 670 nm, and 710 nm in the t:J:i curve of 

Fig. 2-22 cannot be fi tted with such a simple 

expression. Thi s finding is ascribed to the 

advantage of the OKE method; it gives five or ten 

times more data points in a ~~~; c urve on rhe 

wavele ng th axis tban the SFG method. lt is 

presumed that these small structures in the 1:;:; 
curve are related with the wide-band pu lse 

generation process, because these souctures were 

also observed similarly when hexane was replaced 

with cyclohexane, acetonitrile, or acetone. 

The OKE cross-correlation traces in the 

UV setup which utilized the 400-nm pump pulse 

and the UV wide-band probe pulse are shown in 

Fig. 2-23. As in the case of the VIS setup, rf:~" 

was abou t 0.3 ps though it depended a little on 

wavelength because of a nonlinear chirp. [n Fig. 2-

24, the wavelength dependence of ~~~i is shown. 

Small structures ex ist in the ~~~': curve of Fig. 2-

24 which cannot be fitte d witb tbe s imple 

expression. 

.. 
§ 

~ 
I 
B 
5 
ll . 
~ 

~ 

1.0 

o.s 

o.o_~~~~~:::;~~~~i!!!j~~~~ 
-1.o -o s o.o o.s 1.0 1.5 2.0 2.s 3.0 

timedelayfps 

J.;'ig. 2-13 Femtosecond timc-re~o l vcd UV OKE cross
corrclalkmtrnces. 
Hexane was used as an OKE medium. 
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Fig. 2-21 Femtosecond time-reso lved VIS OK E 
cross-correlation traces obtained from Fig. 2-20. 

400 450 500 550 600 650 700 750 BOO 

wavelength/,m 

Fig. 2-22 Wavelength dependence of time delay in 
the VIS wavelength region obtained from the OKE 
cross-correhnion traces in Fig. 2-21. 

waiiSlenglh /nM 

Fig. 2-24 W:.1vclength dcp~ndence of time delay 
ob1ained from the OKE cross·correlal ion 1rnccs in Fig. 
2-23. 



Il took about live minute to obtain the ~~~ff curve in Fig. 2-22 or that in Fig. 2-24 

by using the OK.E cross-correlation method including the procedure of changing the sewp 

from the absorption measurements. On the other hand, it probably takes about five hours or 

more to obtain the equivalenr results by using the SFG method. Jt is because l sFa<WsFa• tJ<tu) 

is measured in the SFG method by way of sequential acqui ·itions as regards both of the 

parameters w ,FG and L"''"', but f oKE(WoK£•r<ttJ .... ) is measured in the O.KE method by way of 

multichannel acquisition as regards w01(£· Thus, it is affirmed that the drawback (b) of the 

SFG method mentioned above has been completely overcome. Since the phase-matching 

condition of OKE does not depend on wavelength and the wavelength range of the absorption 

measurements is identical with that of the OKE measurements, the drawback (c) has been 

also completely overcome. 

Chirp correc tion of time-resolved 

absorption spectra was performed during the 

data processing as given below: A curve 

which expressed the time-delay dependence of 

transient absorbance at wavelength "'-a 
(corresponding to one pixel of the CCD) was 

made. and the time-delay axis of the curve ~ 

1. was shifted to set ~~~': at ll0 coincident with 

its origin, and finally the curve on the shifted 

time-de lay axis was made by a l inear 

interpolation to yield the chirp-corrected time

resolved absorption spectra. ln Fig. 2-25, a set 

of time- resolved abso rption spectra before 

chirp correction and that after chirp correction 

are shown as an example. Chirp correction 

drastically changed absorption band shape 

especially in the subpicosecond time range. In 

450 500 550 600 6SO 450 500 550 600 6$0 

wa11elei\Qih l nm VJavele!1glh lnm 

Fig. 2-25 Femtosecond time--reso lved VIS absorption 
spectra of ;:~JI-trans retinal in hexane at -4 ps - 120 ps after 
photoexcimtion. (a) before t hirp correction. (b) afte.r chirp 
corrccliun. In the :subpicosecond time range, S - S 
transitions exhibit broad bands extending from 450 nm to 

the chirp-correction procedure, a ~~~ff -curve 650 nm. 

detailed on the wavelength ax.is is essentia l to perform precise chirp correction. The OKE 

method is effective in this regard as well. 

For the purpose of chirp correction of femtosecond time-resolved UV-VIS absorption 

spectra. the OKE cross-correlation metllod developed here is superior in theoretical and 

practical experimental aspects to the SFG or DFG method. rt is expected that the OKE 

method becomes a standard method of chirp correction in the future. 
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2-3. Summary 

A femtosecond time-resolved UV-VJS absorption spectrometer based on Ti:sapprure 

laser as a light source was constructed. This spectrometer enabled the measurements of 

transielll spectra such as excited-state absorption spectra and ground-state bleaching spectra 

in the UY-VIS range with rime-resolution of about 300 fs. The accuracy of absorbance 

obtained in a typical measurement was about 0.0 I . Further improvements to acquire faster 

time resolution by using pulse compression technique and to extend the measurable 

wavelength range to the shorter wavelength side will be needed in the future. 

The OK.E cross-correlation method was established as a chirp-structure measurement 

technique for the purpose of chirp cmTection of time-resolved UY-VIS absorption spectra. 

The origin of time delay obtained by the OKE method was exactly identical with that of the 

time-resolved absorpt ion measurements. The time re olution of the OKE method was also 

identical with that of the absorption measurements except for a factor -fi. lt was concluded 

that the OKE method was more preferable than the SFG or DFG method in theoretical 

aspects. From an exper imental point of view, the OKE method required st ill shorter 

measurement time and afforded much more data points on the wavelength axis than the SFG 

or DFG method. The OKE method which provides detailed information of chirp structure 

with less task is valuable as a requisite for the femtosecond time-resolved UV-VIS absorption 

measurements. 
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3. Ultrafast chemical dynamics of retinal 

Retinal. vitamin A a ldehyde and the chromophore o f light-sensitive proteins 

known as rhodopsins, i. cmc of the well s tudied prototypical molecules: exhibiting cis-trans 

photoisomeri1-'1tion reactions. The spectroscopic and photochemical properties of retinal 

strongly depend on its surrounding environment. Though organi c solvents appear to 

provide t;;imp lcr environment than proteins. the exciled e lcctron.ic structure or retinal in 

organic solvents seems to be more complicated than that of rhodopsin,~, . Thus. the cis-trans 

photoisomerizatio n reaction mechanism of retinal in o rga nic so lvents is much le s 

understood than that in proteins [I, 2j. Excited electronic s truc ture affects c rucially the 

selectivity and the ratc-dc tcnnining mechanisms of chemical reactions. h is of considerable 

i ntcre~t w look into the relationship between e lec tronic s tructure and the isomerization 

pathway/yield of retinal in organic.: solvents. 

The pcnnancnt dipole moment or aii -LTans re tinal is as large as about 5 D 1.3 . 4] . 

The electronic and molecular s tru cture o f re tinal is grea tl y influenced by s tro ng 

intermolecular interactions s uch as dipo l e~d ipo l e interaction and H -bond formation . 

Cons:equcm ly the chem i ·al reaction dynamics of retinal is so lve nt-dependent. In thi s 

chapter. the ultrafa t chemical dynamics of retinal in organic solvents is discussed in the 

following two sec ti ons. fn SecL 3-1. the electronic s truc ture and the cis-trans 

phOtoisorncrization reaction of retinal in nonpolar solve nts arc discussed. In Sect. 3-2. the 

chemical equilibrium of H-bond fonnat.ion and breakage reactions between all -trans retinal 

and !-butanol as a protic solvent are discussed. 

3-1. Retinal in nonpolar solvents 

3-1-l.lnt.roduction 

3-1-1-1. Isomerization quantum yield 

Since retinal has four C=C double bonds .in its polyenic backbone, there are sixteen 

possi ble cis-trans isomers associated with it, including the all-trans and four mono-cis 

isomers. It is known !hat all of these isomer in solution undergo cis-trans isomerization upon 

UV irradiation l5]. The photo isomerization products and quantum yields of retinal depend on 

olvent polarity and acidity. It is widely accep1ed that alkane and cycloalkane solvent such as 

hexane. cyclohexane, 3-metbylpenlane. and so on can be regarded as simi lar environment for 

the exc ited -s tate dynamics and the 

photoisomerization reactions of retinal. Let 

these so l vents be ca lled nonpolar so.! vents. 

The products and quantum yields of the cis

trans photoisomerization reaclions of the 

retinal isomers in nonpol ar solvents on 

direct photoexcilation are summarized in 

Table 3- 1 by referring to reported values. 

Though it has been reponed that degassing 
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sturtlng isom\' r product (qullnlum }'lcld) 

all-trans IJ-ds (0.09- 0.10)''-b. 9-c•s (<W t!i- 0.02) .. 11 

13-CIS all•lrufl$(0,2 1)'' 

9-cJ:: nll-lrnns 10.18/. 9.lJ-dJcis COJKI)" 

11-c::is nll·tronsi0.3Jh, ll,l )·da.: IS{0.2J" 

1-cis nll-trnns (0.6)h, 7,13-dicis 1(1.1)" 

Table 3-1 PbOLoisomerization pro~lucts antl quantum yields 
of the retinal isomers in aerated nonpolar solvent!; a1 room 
temperature by direct photoe.x.ciunion. 
a) Ref. JITI. b) Ref. J7( . c) Rcf. j8j. 



of solutions by making use of N, or Ar purging gives rise to concenLration dependence of the 

quantum yields (vide post) [6, 7] , all the values in Table 3-l are on condition tllat solutions 

are aerated , that is. there is no concentration dependence of the quantum yields. While the 

main photoproduct from the mono-cis isomers always bas the all -trans configuration, the all

trans isomer isomerizes to give the 13-cis and 9-cis isomers. If the 9,13-dicis isomer which 

the 9-cis isomer affords at a very low quantum yield is disregarded, the al l-trans, 13-cis, and 

9-cis isomers form a closed reaction system. Then it is presumably impossible that the other 

isomers such as 7-cis and 11 -c is appear in the photoisomerization reaction processes among 

these three isomers. Therefore, the all-trans, 13-cis, and 9-cis isomers are chosen as staning 

materials to investigate the photoisomerization reactions between these three isomers. 

3-l-1-2. 9-cis -+ all-trans isomerization 

The phot.oisomerization react ion of re tin al in nonpolar so lvents for which the 

mechanism has been clarified best so far is the 9-cis -+ all -trans reaction. As shown in Table 

3-1, Waddell et al. reported the quantum yield of this reaction upon direct photoexcitation in 

aerated 3-methy lpentane to be 0.18 by HPLC analysis [8]. Hmnaguchi er al. found that the 

transient Raman spec trum of T
1 

species at 20 ns after the photoexcitation of 9-cis retinal in 

aerated hexane was nearly identical with that of aU-Lrans retinal [9]. Hirata et al. observed that 

the T, ~ T, absorption spectrum of 9-cis retinal gradually became identical with that of all

trans retinal in a few nanosecond by using picosecond time- reso lved VIS absorption 

spectroscopy [10). Tahara eta!. have demonstrated by p.icosecond time-resolved 20-CARS 

spectroscopy that photoexcited 9-cis retinal in aerated cyclohexane relaxes to the T, state with 

the 9-c is con(igmation retained (T, 9-c is retinal) , and then isomerizes adiabatically to give the 

T, all-trans isomer with the time constant of 880 ps [II] . All these results are consistent, and 

it is very clear that the adiabatic one-way 9-cis -+ all -trans isomerization in the T, state has 

been established. However it has not yet been clarified whether there exists a 9-cis -+ all

trans isomerization pathway which is complete only in the singlet s tates. 

3-1-1-3. 13-cis -+ all-trans isomeri:r.ation 

As regards the 13-cis -7 all-trans isomerization reaction, there still remain many 

equi vocal points. It has been reported that the quantum yield of this reaction upon direct 

photoexcitation in aerated 3-methylpentane is 0.21 by HPLC [8]. According to tbe result of 

nanosecond time-re olved Ramm1 spectroscopy by Hamag uchi e t a!. [9] and that o f 

picosecond time-resolved VTS absorption spectroscopy by Mukai and co-workers [12], there 

exi t two kinds ofT, retinal, that is, the T, 13-cis and all-trans i omers, at 5 ns- 20 ns after 

the phot.oexcitation of the 13-cis isomer. This fact sugges ts two different mechanisms of the 



J 3-cis ___, all-trans isomerization reaction: One is that this reaction is not complete at 20 ns 

after photoexci tation and is a comparatively slow reaction which takes place as an adiabatic 

proces in the T
1 

state. The other po sibi lity is that this reaction is complete in the excited 

singlet manifold and does not proceed in the T , state . Tbe former is deduced from the fact 

explained below that there is no adiabatic all-trans ___, 13-cis isomerization reaction pathway 

in the T
1 

state, that is, there is no chemical equilibri um between the T , all-trans and T , 13-cis 

isomers. The latter is based on the established fact that all-trans retinal in the excited singlet 

manifold decays to the T, state with the all -trans configuration retained by way of intersystem 

crossing at a quantum yield reported to be a. high as 0.4- 0.7 [13-16]. 1l is not yet known 

which of these two mechanisms of the I 3-cis ___,al l-trans isomerization reaction is correct. 

3-1-1-4. All-trans --+ 13-cis·9-cis isomerization 

As shown in Table 3-l , the total quantum yield of the al 1-trans ___, I 3-cis·9-cis 

photoisomerization reaction upon direct photoexcitation in aerated hex ane or 3-

methylpenrane is 0. I I 5 - 0. I 2 [7, 171. Jensen et al. investigated the composition of the 

photostationary state of triplet-sensitized retinal by HPLC, and found that the photostationary 

state consisted of the all -trans , four mono-cis, and 9, I 3-dicis isomers [ 18] . If all-trans retinal 

does not isomerize in the T , state, the photostatiooary state of triplet-sensitized retinal should 

contain nothing but the all-trans isomer. The mono-cis ___, aJI-u·ans one-way isomerization 

mechanism in the T, state [9, I I, 19] is in obvious conflict with the resu lt of Jensen et a!. 

They denied the one-way isomerization mechanism in their conclusions. Ganapathy and Liu 

investigated the relation between the quantum yield and the concentration of the all-trans 

isomer as a starting material by using HPLC [7]. According to their resu lt . there was no 

concentration dependence of the all-trans ___, J3-cis ·9-cis isomerization quantum yield in 

aerated ·olutions on direct photoexcitation, but t.he quantum yield increased witb an increase 

.in the concentra tion of all-trans retinal as a starting isomer in degassed solutions. They also 

found that the increasing rate of the all-trans --4 9-ci isomerization quantum yield was higher 

than that of the all -trans ___, 13-cis isomerization quantum yield. They proposed a novel 

mechanism that the all-trans ___, L3-cis·9-cis isomerization reaction in aerated solutions took 

place in the inglet states, but that another reaction pathway participated in this reaction in 

degassed solutions by way of intermolecular energy transfer between S
11 

and T, retinal . Apart 

from confirming the va lidity of their novel proposal , it is very important in thinking of 

isomerization mechani sms to determine whether the quantum yieJds depend on the 

conceou·ation of all-tran retinal or not. Accordingly a supplementary experiment has been 

recently performed in our gronp, and the result of Ganapathy and Liu has been almost 

reproduced [20]. They al ·o reported that the all-trans isomer isomerized to give 13-cis, 9-cis, 

and I I -cis isomers in dega5sed solutions via triplet sensi tization, and that the concentration 



dependence of t.hese quantum yields bowed a similar tendency to that in the isomerization 

reactions on direct photoexcitation. In this thesis, the experimental results which Ganapathy 

and Liu obtained [7 1 are regarded as valid, and the following two propositions (a) and (b) are 

premised for further discussions: 

(a) In aerated solutions, there is no concentration dependence of the all-trans~ 13-cis-9-cis 

isomerization quantum yield upon direct photoexcitation. Then, this reaction is unimolecular. 

(b) Jn degassed sohuions, the quantum yield of the all-trans ~ 13-cis-9-cis isomerization 

depends on the concentration of the all-trans isomer either upon direct photoexcitation or via 

triplet sensitization. Then, this reaction includes an elementary process which intermolecular 

interaction between retinal molecules takes part in. 

The quantum yield measurements via triplet sensitization by Jensen et al. [18] 

reviewed above were performed under the degassed condition . Then, their result is not 

effective in discussing unimolecular reaction mechanisms of the all-trans~ 13-cis-9-cis 

.isomerization because of t.he proposition (b). The transient Raman measurements of T, retinal 

by Wilbrandt et al. [21] are also not effec tive in thinking of unimolecular isomerization 

mechanisms because of the same reason. Hamaguchi et al. showed that the all-trans, 7-cis, 9-

cis, and ll -cis isomers as starting materials in aerated hexane afforded an identical Raman 

spectrum at 20 ns after photoexcitation, and they ascribed that spectrum to the T , all-trans 

isomer [9] . They came to a conclusion that the 7-cis (o r 9-cis. 11-cis) ~ a ll -trans 

isomerization was complete in 20 n~ after photoexcitation, but the all-trans isomer did not 

isomerize at all in the T , state. The same conclusion was obtained from the picosecond 2-D 

CARS experiment by Tahara et al. [II] . Hirata et al. measured the picosecond time-resolved 

VIS absorption ·pectra of the all-trans and 9-c is isomers [I 0]. They showed that in both of the 

isomers, similar absorption bands were obtained with a rise time constant of about 30 ps, and 

the band of the al l-trans isomer did not change after t.he 30-ps rise until 5 ns, while that of the 

9-cis isomer showed a narrowing process to become identical with that of the all -trans isomer 

in a few nanoseconds. They concluded that the absorption bands which rose with the 30-ps 

time constant in both of the isomers were due to the T , all-t rans isomer and the T, 9-cis 

isomer respectively, and the latter isomeri zed to g ive the former in a few nanosecond 

Though they used dega . ed hexane solutions. their results have been reproduced by my 

mea. urements on the aerated condi tion shown later in this thesis. Therefore. it is affirmed that 

only unimolecular proces es contributed to the results of Hirata et al. Yuzawa and Hamaguchi 

have clearly shown by using submicrosecond time-resolved LR spectroscopy that there is no 

isomerization reaction taking place in the T, sta le when the all-trans isomer is a starting 

material [22]. According to their result, T , a ll-trans retinal is generated upon direct 

photoexcitation within t.he time resolution of 50 ns and decays exc lusively to the all-trans 

isomer in t.he ground state (S
11 

all-trans) wit.h the time constant of 5 ~s, and the S
11 

13-cis and 

S., 9-cis i omers are aJ ·o generated within the time re olution and do not decay at aJL They 
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concluded that the a ll -trans~ 13-cis·9-cis isomerization does not take place in the T, state; in 

other words, it is complete in the exc ited and ground singlet states within the time resolut ion. 

However. there sti ll remains an incompatibility between the results of Yuzawa and 

Hamaguchi [22] and those of Ganapathy and Liu [7 1 or the proposition (b). Yuzawa and 

Hamaguchi mea ured the time-resolved lR spectra of photoexcited al l-trans retinal in a 

dcga~sed cyclohexane solution with the concentration of 3.5 x 10··' mol dnY' . According to the 

results of Ganapathy and Liu. the all- trans ~ J3-cis·9-cis isomerization reaction where 

intermolecular interaction participates should take place under the condition of Yuzawa and 

Hamaguchi . As a rnauer of fact , they reported that the all-trans~ l3-cis ·9-cis isomerization 

reaction was complete in less than 50 ns and took place not in the trip let state but in the 

singlet state, and the T, a ll -tran. isomer showed a unimolecuJar decay to the S0 all-trans 

isomer. If the proposition (b) and the results of Yuzawa and Hamaguchi are simultaneously 

taken into account, it is concluded that intermolecular interaction between si nglet retinal 

molecules participates in the all-trans ~ l3-cis·9-cis isomeri zation reaction in degassed 

solutions. Any transient species in the ground state whose lifetime is less than 50 ns has never 

been found by either UV-VIS ab orption or Raman spectroscopy. Then, retinal in the excited 

singlet states must take part in this intermolecular interaction. However it. is not likely that 

intermolecular interaction plays an important role for retinal in the excited singlet states , 

because the lifetime of S, all-trans retinal is as short as about 30 ps [ 10, 23-25] and the 

concentration of solvents is usually more than about 000 times as high as that of retinal. In 

addition, any self-association of retinal molecules has never been reported so far. We leave 

the matter of intermolecular interaction between si nglet retinal molecu les to future 

investigations. 

It is clear that an aerated solution should be preferably used for the purpose of 

discussing unimolecular isomerization reaction mechanisms. The following two conclusions 

concerning the all -trans ~ 13-cis·9-cis isomerization of retinal in aerated nonpolar solvents 

upon direct photoexcitation are consistent with all the studies reviewed above: 

(i) The all-trans~ 13-cis·9-cis isomerization reaction is unimolecular. 

(ii) Isomerization does not take place in T , all-u·ans retinal. 

These two conclusions are al l what have been clarified so far about the all -trans~ 

13-cis·9-cis isomerization in the aerated condition. There are two possible reaction schemes. 

One is s imilar to the trans ~ cis isomerization mechanism of stilbene [26]: All-trans retinal 

in the excited singlet states decays to a perpendicular excited s inglet state, and its deactivation 

gives the S, all -trans and mono-cis isomers in an almost equal ratio. In the other scheme, the 

all -trans isomer in the excited singlet states isomerizes to give the mono-cis isomer in the 

excited singlet states: in other words, the all-trans ~ 13-ci ·9-cis isomerization is complete in 

the excited singlet manifold, of which adiabatic one-way isomerization in the excited singlet 

state is a representative [27]. If there is only one exci ted singlet state (i.e. S,) in the low 
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energy pan of the UV-VLS absorption spectrum of all-trans retinal up to 30000 em ', the all

trans -7 L3-cis·9-cis isomerization scheme of retinal has to be the former one. ll is because 

the T, mono-cis isomers which are expected in the latter scheme have never been observed 

when the all-trans isomer is the starting material [9- 11 , 22, 28]. If there are two or more 

exc ited singlet states in this low energy region, both of the two isomerization schemes are 

poss ible. It is because the T, mono-c is isome rs are not always expected after the 

photoexcitation of the all-trans isomer, when the excited singlet states have their own decay 

pathways. 

3-1 -1-5. Excited singlet electronic structure 

Three excited singlet states in the low energy region of all -trans retinal up to 30000 

em·' have been proposed since more than twenty years ago [29-39]. Though the st.ate ordering 

is still under di . cussion, there are surely a B; (rr , n*) stale, an A,· (1t, n*) state, and an (n, rr*) 

state in the excited singlet manifold, which are very close in energy. The Mulliken symbols of 

the irreducible representations in the point groups such as A, and B, in this thesis are 

approximate and are derived by correlating the properties of an electronic state with those of 

the analogous stale in a polyene of C" symmeli)'. The plus and minus signs attached to the 

Mulliken symbols were first introduced by Pariser [40], and represent a sign of the linear 

combination of two degenerate electronk configurations. The ground state is expressed a A,-

by definilion, and only trans itions between plus and minus states are one-photon allowed 

[40l Polari zed UV-VIS absorplion spec troscopic study of crystalline all -trans retinal by 

Drikos et al. [30-32] and two-photon fl uorescence exciiation spectroscopy by Birge et al. [34, 

35] showed that the S, state was of A,- (n, n*) character, but fluorescence spectroscopy of 

hyd rogen-bonded retinal by Takemura et al. [29] postulated that an (n, 1t*) state is the lowest 

exci ted singlet state. Hochstrasser et aJ. observed the S - S absorption kinetics of aU-trans 

retinal, and proposed a speculative idea of a partitioning mechanism in the exci ted singlet 

manifo ld [23]. Doukas and co-workers performed picosecond time-resolved fluorescence 

spectroscopy of all -Iran retinal and observed only one decay component thro ugh the 

temperature range of 80 K - 296 K [ 4 1] . They sugges ted the sa me idea as that of 

Hochstrasser et al. Tahara and Hamaguchi has recently shown by using picosecond time

resolved fluorescence spectroscopy that there are at least two fiuore cent species generated 

by the photoexcitation of all-trans retinal and one of them is assigned to the S, state whose 

lifelime is equal to lhe rise time constant ofT, [24). The recent femtosecond time-resolved 

VIS absorplioo measurement of all-trans reti nal has revealed the presence of two species both 

of which precede S, [25]. but an unequivocal assignment was impossible lben. Larson et al. 

mea. ured the Lime-delay dependence of absorbance after the photoexcitation of all -trans 
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retinal at . everaJ wavelengths in the femtosecond time range. They concluded that tbe S,, s,. 
and s, states of all-trans retinn l are of B; (7t, rr*), A, (1t, n*), and (n, rr*) characters 

respectively [42]. However some strange assumptions were included in their kinetics model, 

one of which was that the S, lifetime was longer tJ1an the S, lifetime. Tt seems that their 

interpretation is not decisive at a ll. Very recently Takeuchi and Tahara performed 

femtosecond time-resolved fluorescence up-conversion spectroscopy, and they found that the 

transient species of the shortest lifetime emitted the su·ongest fl uorescence [43]. They 

concluded that the S, state of all -t ran retinal is of B; (rr, n*) character. 

3-1-1-6. Purpose 

The purpose of this section 3-1 is to clarify the all-t rans~ 13-cis·9-cis isomerization 

mechanism of retinal in aerated nonpolar so lvent.. ln Sect. 3- 1-2, the HPLC ana lysis of 

retinal used throughout this study and the UY- V1S abso rption spectra of the ground-state 

retinal isomer. are presented. In 3-l-3, the femtosecond time-resolved UV-VIS absorption 

spec tro copy of retinal using the spectrometer de. cribed in Chap. 2 is discussed. The 

femtosecond lime-resolved Y1S absorption spectra of the all-trans, 9-cis, and 13-cis isomers 

are shown in Sect. 3- 1-3- 1. Some correspondence was found be tween the excited-state 

absorption bands of these three isomers about their peak positions and band shapes, but those 

bands were not identical with each other. This fact indicated that any all-trans ~ 13-cis·9-cis 

isomerization pathway complete in the excited singlet manifold was not observed within the 

accuracy of the present measuremen L~. Accordingly it was considered that the isomerization 

mechanism by way of the deactivation of a perpendicular exci ted singlet state mentioned 

above was more promising than the other. ln this mechanism, the deactivation of a 

perpendicular excited singlet s ta te gives sim ult aneous ly a starti ng material and a 

photoproduct both of which have absorption bands in tbe UV region. Then, the femtosecond 

time-resolved UV absorption specu·a of all-trans retinal were measured and are shown in 

Sect. 3-1-3-2 . Two time constants were fo und in the bleaching recovery process of 50 all -trans 

retinal. One of them was longer than the lifetime of the s, all-trans isomer but shorter than 

that of the S, all -trans isomer, and the other coincided with the T , lifetime. This result 

indicated that the former time constant of the bleaching recovery corresponded to the lifetime 

of a perpendicular excited singlet state, and its precursor was not the S , but the Sl or S, all

trans isomer. The nanosecond time-resolved UV absorption spectra of all -trans retinal were 

supplementari ly measured and are presented in Sect. 3- 1-3-3. In Sect. 3-1-4, detailed 

discussion on the all-trans ~ 13-cis·9-cis isomerization reaction of retinal is presented on the 

basis of these newly obtained experimental data . 
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3-1-2. Experimental 

3-1-2-J. Materials 

Hexane, cyclohexane, and dietbylether were purchased from Kanto Chemical Co. or 

Wako Chemical Co. and used as received. No precautions were taken to dry these solvents. 

All the solvents were aerated. Commercial retinal (S igma Chemical Co.) was used without 

further purification throughout this study. Retinal samples were analyzed for isomeric 

compo. ition by using the HPLC system of JASCO wruch consisted of a pump (880-PU), a 

column oven with an injector (865-CO). a 25 x I em Colurnn-Lichrosorb Si 60-5 column, and 

a UV-V!S spectrometer (875-UV). The eluent (2 x 10·' dm' min·') was hexane (J!S certified 

grade) containing 18% dietbylether (JIS certified grade). Analysis was performed at a 

wavelength of 360 nm. The following molar absorption coeffic ients at 360 nm in the unit of 

mol' dm' em 1 were used for the calculation of isomeric compositions: all-trans, 45400; 13-

cis, 37500; 9-cis, 36600; 11-cis, 24800; 9, 13-dicis, 34100 [44]. Isomeric composition were 

calculated from the peak areas of 

chromatograms. It has been found that the 

lowest limit of the detection of the present 

HPLC system was about 0.09% of the total 

amount of retinal [45]. The isomeric 

compositions of the commercial retinal 

isomers thus obtained are summarized in 

Table 3-2. 

:.11-unns 

l .l·CIS 

9-ci5 

all-mms 13-Gis 11 -c.is 9-cis 7-eis 

IJ/0~ 1,7% 

0.5% 99.2o:l- O.J% 

0. 1 ~ 02',t 997~ 

Table 3-2 Isomeric composition of lhe commercial retinal 
samples (SIGMA) checked by using HPLC. 

It is necessary to consider to what extent a cis-trans isomerization mechanism can be 

di. cussed accurately when retinal isomers having isomeric compositions shown in Table 3-2 

are used as samples. Let us assume that the isomers are distinguished by subscripts such as 

i,j. The condition q,~ 1 C, >> C1 is suffkient for accurately discussing an isomerization 

reacrion mechanism from an isomer i to j where C, is the concentration of an isomer i , 

and q,...
1 

is the photoisomerization quantum yield of this reaction. Therefore q1_,1C,C/ is 

regarded as a kind of a standm·d, and a lm:ger value of q,_,jC1C/ is more preferable. The 

following values were obtained from Table 3-1 and 2 for the three starting materials: all-trans, 

l!;.,1C,C1 _, = 7; 13-cis, q,_,1C,c1- ' = 26; 9-cis, q,_,1C,C/ ' = 60. The value of qH1C,C/' 

decreases when samples are irradiated with UV light during the spectroscopic measurements. 

The amount of the samples and the numbers of the photons of UV light that irradiated the 

samples were controlled to preserve the conditions q,_,1c,c,-• > 5 for the all-trans isomer as a 

starting material and q1~1C,C1'
1 > 8 for the 9-cis and 13-cis isomers as starting materials. 

These conditions were confirmed by HPLC measurements after the spectroscopic 
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measurements , and guaranteed that when the absorption band of the l3-cis isomer was 

ob. erved in the time-resolved absorption spectra of the all-trans isomer as a starting material , 

for example. the contribution of the 13-cis isomer as a photoisomerization product to the band 

was more than five times as large as that of the I 3-cis isomer which stationarily existed. 

However it is also necessary to remember that the absorption band of an intermediate or a 

product has contributions possibly from a stationary isomer. 

The UV-VIS ground-star.e absorption spectra of 

the all -trans. 9-cis, and I 3-cis isomers in hexane (HPLC 

grade) were measured at room temperature (294 K) by 

us ing a commercial UV-VIS specu·ometer (HITACHI , 

U-3500) , and are shown in Fig. 3- I. The absorption 

bands in the wavelength region 300 nm - 400 om of 

those three isomers are nearl y identical. It is widely 

accepted 1hat the transitions frOJn lhe ground state A
1

· to 2 
j 

the excited singlet states B; (1t, 1t*), A; (1t, 1t*) , and (n, ,. 
8 , 

1t*) contri bute to these absorption bands [36], and the ~ 

J 0 

~ 
E 

300 350 400 <150 500 

wavelenglrl / nm 

predominant contribution is naturaUy made by the A, 

~ B; (rr, rr*) transition. However the small structures 

at a wavelength of about 280 om and the bands at 250 

nm of these ihree isomers are markedly different from 

one ano ther. The band at 250 nm of 13-cis retinal is 

especiall y dis tinct. Though there have been severa l 

proposals regard ing the nature of these trans itions, such 

as A, ~ A,; (rr, 1t*) (so-called cis band) and A,-~ B, 

(rr, rr*), the assignments are still under discussion [36, 

46, 47] . 

F ig. 3- 1 Ground-sta te mo lar absorption 
spectra of all-tmns. 9-cis. and 13-cis retinal in 
hexane. 

3-1-2-2. Femtosecond time-resolved VIS absorption spectroscopy 

The femtosecond time-resolved VIS absorption spectra of the all -trans, 9-c is, and 13-

cis isomers were measured by using the spectrometer described in Chap. 2. The solvent was 

hexane or cyclohexane (both HPLC grade) . All the retinal solutions had nearl y the same 

concentration (2 x JO·' mol dm' ) and the same volume (0.2 dm3). The temperature of the 

so lutions just em itted from the jet nozzle in the vicin ity of the laser-beam focus point was 293 

± 2 K. The pum p pulse was charac terized as fo ll ows: center wavelength, 400 nm; pul se 

energy, 6 ~J ; excitation density, 2 x I 0 J nr 1. The pulse energy of the VlS wide-band probe 

pul se was le, s than 0. I j.!J . In a set of time-resolved spectra, there were 70 time-delay points 

from -4 ps to I 20 ps. The exposure ti me of the CCD was I s, and the number of the exposures 
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at each time delay point was 5. Chirp correction described in Sect. 2-2-3-3 was performed 

after the measurements to make the final time-resolved ·pectra. 

3-1-2-3. Femtosecond time-resolved UV absorption spectroscopy 

The femtoseco nd time-resolved UV absorpti on spectra of all-trans retinal were 

measured by using the spectrometer described in Chap. 2. The solvent was hexane or 

cyclohexane (both HPLC grade) . The concentra6on of retinal was about 2 x JO·' mol dm·' , 

and the volume was about 0.2 dm' . The pump pulse was characterized a~ follows: center 

wavelength, 400 nm; pulse energy, 1.7 ~-tJ ; excitation density, 2 x I 0 J m·'. The pulse energy 

of the UV wide-band probe pulse was less than 0.1 ~-tJ . In a set of time-resolved spect.ra, there 

were 70 time-delay points from -4 ps to 120 ps. The exposure time of the CCO was l s, and 

the number of the exposures at each time delay poi nt was 5. Chirp correction described in 

Sect. 2-2-3-3 was performed after the measurements to make the final time-resolved spectra. 

As described later, the aU-trans -t 13-cis-9-c is isomerization total quantum yield was deri ved 

from this femtosecond UV ab orption measurement. In order to investigate the temperature 

dependence of t11e quantum yield . the temperature of the solution just emitted from the jet 

nozzle in the vici nity of the laser-beam foc us point was set at four different points: 269 ± 2 K, 

273 ± 2 K, 293 ± 2 K, 298 ± 2 K. 

3-1-2-4. Nanosecond time-resolved UV absorption spectroscopy 

The nanosecond time-resolved pump-probe UV absorption specu·oscopy of aU-trans 

retinal was supplementarily performed by using the spectrometer described in Chap. 2 and a 

CW Q-switched Nd:YLF laser (Spectra Physics, TFR). Cyclohexane (HPLC grade) was used 

as the solvent. The concentration was about 2 x JO·' mol dm·', and the volume was about 0 .2 

dm' . The temperature of t11e oJutions just emiued from the jet nozzle in the vicinity of the 

laser-beam focus poin t was 298 ± 2 K. The tl1ird ham1onic of the Nd:YLF laser was used as 

the pumping source of all-trans retinal. The pump pulse was characterized as foUows: center 

wavelength , 349 nm; pulse energy, I ~-tJ ; pulse width , 7 ns; excitation density, I x 10 J m ' . 

The Nd:YLF laser was synchronized with the Ti:sapphire regenerative ampli fier at I kHz. 

The UV wide-band probe pulse in the femtosecond UV setup was used as it was for probing. 

The probe pulse energy was less than 0.1 j.J.J . Time delay between the pump and the probe 

was conrro lled by usi ng an electronic del ay generator (Stanford Research, 00535). The 

pump pulse width corresponded to the time re olution. The exposure time of the CCO was 1 

s. and the number of the expo ures at each time delay point was 50. Chirp correction was not 

necessary at all for these measurements. 
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3-1-3. Results 
3-1-3-l. Femtosecond time-resolved VIS absorption spectra 

fn Fig. 3-2 - 4, several representative femtosecond time-resolved VIS absorption 

specu·a of the retinal isomers in hexane are shown: alJ-trans, Fig. 3-2; 9-cis, Fig. 3-3; 13-cis, 

Fig. 3-4. The spectra are shown in the forms of difference spectra_ The positive signals 

correspond to the photoinduced increase of absorbance which is caused by transitions from 

excited states to higher excited tates. The negative signals correspond to the photoinduced 

decrease of absorbance whkh is caused by ground-state bleaching and/or stimulated emission 

gain. Stimulated Raman Joss (inverse Raman) may also contribute to the positive signals and 

timulated Raman gain to the negative signals. 

There are several common features to all the set of the spectra of Fig. 3-2 - 4. First 

of all, the absorption bands around 450 nm at I 00 ps after the photoexcitation in these sets are 

very s imilar and undoubtedly assigned to the T, f- T , absorption [10, 12, 25, 48]. As 

mentioned in Sect. 3-1- 1. the T, species has exclusively the all-trans configuration when the 

S" all-trans isomer is the starting material [9-12. 22]. 1t is affirmed that the absorption band at 

I 00 ps around 450 nm in Fig. 3-2 is ascribed to the T, all-trans isomer. The band shape and 

the peak position of this band agree well with the reported results [I 0, 15, 16, 48]. When the 

0.13 .. ,. 
0. 13 .0.2ps 
o.ool--===<,_.,,_ ___ _ 

::.~~~mmmm~~~~o=~~~~ 

~.:l---&m@!!Ei~---'::·':.:"~ 
0 13 0.41l$ 
ooo~~Pffi~~~~--~~ 
~1 3 M~ 

~oml-~~"~~~----~~ 
~ 0 13 · ~ 
jooo~~~~~----~J 

0.13 

Fig. 3-2 Femtosecond time-resolved 
VIS ab -orption spectra of all-trans 
re11nal in hexane at various lime 
delays. 

0.08 .. , 
0.00 

o.oa .(!_:Ips 

0.00 

0.08 O.OP!t 

0.00 

0.08 0.2ps 
0.00 ·· 
o.oa 

o.• P$ 
~00 

0.08 0.6p5. 

"' 

'" 
lOps 

''"' 
... ,. 

'""" 
700 75() 800 

Witvftlanglh / nm 

Fig. 3~3 Femtosecond ti-me-rc.!:ol ved 
V IS absorption spectra of 9-cis 
retin al in hexane aL various Lime 
delays. 

44 

~ 2~ 

0.00 ~\\m!;-----..... ~ 
0.07 ~ 
0.00 ,... 

~:~ 

'" 
'0"' 

::~m.,.< _____ ....,,."'..,;.,".,.J 
0.07~ 

0.00 

... , 
o.o7r~ 60 P9 
o.oo JI'' >i&.'>i:>..------..,;;.;;,..j 
0.07 1;-~ 
0.00 '~ 

' 00 "' 

ll00 450500 SS0 6006507007.50800 

wavalanglfl l l!m 

Fig. 3-4 Femtosecond time-resolved 
VIS absorption spectra. of 13-cis 
retinal in hexane at various tim e 
delays. 



s, 9-cis isomer is the starting material, as reviewed in 3-1-1. the T , species directly generated 

from an exc ited singlet species by way of intersystem crossing has the 9-cis configuration, 

and further it isomerizes adiabatically to give the T , all-trans isomer with a time constant of 

880 ps [II] . Then, it is concluded that the T, 9-cis isomer contributes to about 90% of the 

absorption band at I 00 ps around 450 nm in Fig. 3-3. The band shape and the peak position 

of this band agree well with those in the li terature [10]. When S
0 

13-cis retinal is the staning 

isomer, the absorption band at l 00 ps around 450 nm in Fig. 3-4 reproduces the results 

reported by Mukai et al. [ 12]. However the configuration of the T, species in the picosecond 

time range generated through the photoexcitation of the 13-ci isomer has not yet been 

clarified. The normalized VIS ab. orption spectra of the all-trans, 9-cis, and 13-cis isomers in 

hexane at I 00 ps after the photoexcitation are 

simu ltaneously shown in Fig. 3-5 for the sake of _ •·• 

comparison. The T, i- T , absorption band : 

generated through the photoexcitation of the 13- ~ 0·6 

~.· cis isomer is clearly different from the other two ~ •• 

bands. but it is impossible to determine only from ll 
I Fig. 3-5 the configuration and the electronic tate < • -• 

of transient species contributing to this band: For 

waveleoglh / nm 
instance. the T, 13-cis i omer, both of the T , 13-

cis and all-trans isomers, and a perpendicular 

excited state are all possible candidates. 
Fig. 3-5 T. +-- T

1 
absorption spectra of the retinal 

isomers in hexunc at I 00 ps. 

Broad absorption bands in the subpicosecond time range are another fea ture common 

to the three sets of the pectra in Fig. 3-2 - 4. These bands of al l-trans retina l were observed 

first by Hochstrasser eta!. in 1976 [23], and there has been no fu rther reports unti l my letter 

was published in 1996 [25). It is likely that the excited singlet states contribu te to these broad 

bands, but any detailed assignments have not yet been performed. It is due to that the three 

congested excited inglet states (B,· (1t, 1t*), A
1 

(7t, 1t*). (n, 1t*)) make the electronic structure 

and the excited-state dynamics of all-trans retinal complicated. As regard · the 9-cis and 13-

cis isomers , corresponding three excited inglet states are expected to exist, though the 

meanings of the symbols such as A, and B, are even more approximate. The time-resolved 

VIS absorption spectra of 9-cis and 13-cis retinal as the starting isomer in the subpico econd 

time range have never been reported so far. A detailed kinetics analysis is necessary to obtain 

more insight into the singlet electronic ·tructu re of retinal from the time-reso lved spectra in 

Fig. 3-2-4. 

When two or more tran. ient species are involved in one set of Lime-resolved spec tra 

just like the present case, the singular value decomposition (SVD) analysis combined with 

fitting procedures is sometimes useful for its kinetics analy i . The methods and the 



advantages of SVD have been briefly reviewed by Chen and Braiman [49] and besides theirs 

there nre many examples in various fields which show the usefulness of SVD (22. 25, 50-53]. 

In SVD. a et of time-reso lved specu·a is treated as a matrix. Let this matrix be written as A 

of which the ith row vector corresponds to the spectrum at the i th time delay point. The SVD 

analysis yield several SVD components from A, and each SVD component has its singular 

va lue (scalar), its spectrum (column vector), and its temporal evolution (column vector). A 

is expressed as follows: 

A= I, V,t/sl , (3- 1) 
i== l 

where V, is the singular value of the i th SVD component, s, is the spectrum of the i th SVD 

component, and t, is the temporal evolution of the i th SVD component. All the singular 

values are positive, and \~ > ~ if i <}. {s,} and {t.} are both normalized orthogonal sets; 

's,s
1 

= 8ij and 't,t
1 

= 8u. In Eq. (3-1), the contribution of the i th SVD component to A is 

determined by V,. The i th SVD component is not important if V, is small , and it is 

reasonab le only to take accoun t of the SVD components of which the singular va lue is 

significantly large. The omission of the SVD components with a small singular value is 

effective in simpli fying an analy is and removing noise. This is one of the advantages of the 

SVD analysis. However, it is always arbitrary to determine a boundary s ingular value for 

taking the corresponding SVD component into account, and it is sometimes difficult to 

determine it. 

The SVD of the three sets of the time-

resolved spectra in Fig. 3-2 - 4 yielded the three 

series of the singu lar values shown in Fig. 3-6. 

The 5th and the higher singular values are almost 

con. tant and independent of the samples. lt is 

presumed that these higher singular values are 

dominated not by signals but by noise. Therefore 

it is meaningless to take ~ccount of the 5th and 

the higher SVD components. In order to obtain 

physically meaningful temporal evolutions and 

the correspo nding spectra from the S V D 

components. le t us s tan with the following 

kinetics scheme for the photophysics of all-trans 

retinal: 
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Fig. 3-6 Singular values ubLained from the time
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Here it is assumed that only the S , r S
11

tTansition is one-photon allowed. This is based on the 

results of femtosecond time-resolved fluorescence up-conversion spectroscopy pe rformed by 

Takeuchi and Tahara [43]. According to their conclusion, the S, state of all-trans retinal is of 

B; (7t, n*) character and the S, b S
11 

transition conttibute to about 96% of the ground-state 

ab ·orption band around 370 nm. In Kinetics Scheme (I), the simplest relaxation schemes are 

assumed among the three excited singlet tares: The S, state rel axes to the S, state with the 

quantum efficiency ¢, and the lifetime y3-
1

, s , to S, with ¢2 and y1- ' , and S, toT, with ¢, 

and y, -'. Since the maximum time delay after the photoexc itation in the present femtosecond 

experiments is about I 00 ps, it is unnecessary to take into account the relaxation of the T, 

state f 11]. According to Kinetics Scheme (I) , the time-delay dependence of the population of 

each e lectro11ic state is expressed as follows: 

(3-2) 

(3-3) 

(3-4) 

(3-5) 

where &-function-like photoexc itation at r = 0 is ass umed and the S , popu lation directly 

generated by the photoexcilation is set to be I. All the populations are zero if 1 < 0. There is 

a relation among the populations of the five e lectronic states involved in Kinetics Scheme (1): 

(3-6) 

where the s. population [S0 ] is always negative. The term " population" in thi s thesis stand. 

for the difference between the population with and without photoexci tation. Though the five 
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electronic tales are included in Kinetics Scheme (1) , it is enough to take i.nto account only 

four SVD components. It is because [S0 ] is expressed as the linear combination of the other 

four populations and only four populations in Eq. (3-2) - (3-6) are linearly independent. The 

number of SVD components that have to be taken into account does not always coincide with 

that of transient specie . since all the popL•lations of trans ient species are not always linearly 

independent just like the present case while all the temporal behaviors of SVD components 

have to be linearly independent. 

Lcr u derive the populations and the spectra of the transient species (S,, S,, s,. T ,) 

from {t,},si« and {s.},s•s• of the SVD components. The product of the ith singular value 

and the temporal evolution of the i th SVD component, V;t, . is fitted to the fo llowing model 

function: 

c,, [S3]+c,_. [S2 j+cdS1]+c"[7;] , (3-7) 

of which the fitting parameters are y1 , y,, y,, c,,, c,,, c,,, c,,. The parameters y, , y2 , y, 

have to be common to all the four SVD components. The quantum efficiencies, 1/J,, tfJ2 t/J3 • 

are not detem1ined by the fitting procedure. In the practical fitting procedure, the model 

function of Eq. (3-7) is convo luted with a Gaussian function which represents the 

instrumemal response. V. which t , is multiplied by serves as a fitting weight. The relation 

between {t.}, ., .. and the populations of the transienr species is expressed by using the 

converged fitting parllmeters cij as follows: 

(3-8) 

where C is a matriK of which the (i,j) component is cij. S'""" is a co lumn vector of which 

the i th component is the S, population at the i th time delay point, and so are S21,.,1, , S,,.," , 

T,r"P. The populations of tbe transient species are finally recomposed from {t.},., .. as 

follows: 
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(3-9) 

The spectra of the u·ansient. species have to satisfy the following equation: 

(3- 10) 

where S,_,,. is a column vector and stands for the absorption spectrum of the s, state. The i th 

component of S3,,, corcesponds to absorbance at the i th wavelength point, and the same for 

S1_,,~, S,,,,., T,.,~ . By using Eq. (3- 1), (3-9), (3- 1 0) , the spectra of the transient species are 

recompo ed from {s,}
1
s

154
: 

(3- 11 ) 

The SVD analysis combined with t.he fitting procedure is summarized as follows: The SVD 

of the set of the spectra yields v;, s,, t1 . The temporal evolution t, is fitted to the kinetics 

model Junction (Eq. (3-7)) to give C , and finally the absorption spectra ( S,,~, S>.w' , S""', 

1~''") and the populations ( s,,,,' s 2pop, s,P"P' T, ,,,) of the transient species are recomposed 

by means of Eq. (3-9) and (3- 11 ). The most important procedure in this SVD analysis is to 

make a kinetics model, and the others are just routine. The primary purpose of SVD is to 

simplify an analysis and to remove noise. 

The absorption spectra and the population changes of the transient species (S3, S,, S,, 

T ,) of all-trans retinal in hexane recomposed from Fig. 3-2 by way of the SVD analysis are 

. hown in Fig. 3-7 (a) - (h). In the ac tual calculations, ¢2 was fixed to 0.74, and ¢, and ¢, 

were put equal to unity. Note that the triplet quantum yield (which is equal to ¢,¢2¢1 ) of all

trans retinal in hexane at room temperature is going to be detennined later in tbi thesis to be 

0.74 at room temperature. It is also shown later that ¢, is equal to I. In fact, the value of ¢,, 

¢,, and ¢, do not affect the time constants ( r, , y2 , y ,) and the spectral band shapes at all, 
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.l''ig. 3·7 Spt..--ctra ((a ) - (d)) and p<Jpulations ((e) - (h)) of the four transient species or all -trans retinal in hexane. 

but only change the ratio of the magnitude of the spectra (Fig. 

3-7 (a} - (d)) to that of the populations (Fig. 3-7 (e) - (h) ). 

Nearly identical spectra and population were also obtained in 

the case of all-trans retinal in cyclohexane. Thi s means that 

hexane and cyclohexane provide simi lar environments for the 

excit ed -s tate dynamics of retinal. Twelve independent 

measurements and analyses yielded the averaged time constants 

and the errors (standard deviations) as summarized in Table 3 -3. 

The rise time constant ofT, or the S1 lifetime, 32 ± 2 ps, is in 
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slaU: lifetime 

s, 0.03 ps (fixed) 

s ' 
0.7J± O.l p~ 

s, .12 ±2 ps 

T, oo(fixcd) 

Table J.J Excitcd·stnlc lifetime3. 
of all · trans reti nal in hcx<tne at 
293 ± 2 K obtained from th e 
remtosecond time-resolved V IS 
absorption data. 



good agreement with the reported values [10, 23, 24]. The spectrum in Fig. 3-7 (d) is 

identical with the known T, f- T , absorption spectrum of all-trans retinal in nonpolar solvents 

[I 0. 12, 15 . 16. 25 . 48]. It is thus confirmed Lbat the population in Fig 32 (h) is regarded as 

the temporal evo lution of the T
1 

all-trans isomer. The transient species showing the 

population in Fig. 3-7 (g) is assigned to S , all-Iran retinal, because it is the precursor ofT, 

all-trans retinal. The spectrum in Fig. 3-7 (c) correspond lO the S, f- S
1 
absorption spectrum, 

though the band shape looks strange. It will be shown later that the main band of the S, f- s, 
absorption lies in the wavelength range 350 om- 400 nm, and only the band edge appears in 

Fig. 3-7 (c). The S, lifetime or the rise Lime constant of S
1
, 0.73 ± 0.2 ps, determined in the 

present study (Table 3-3) is shorter than the value reported in my previous Jetter ( 1.2 ps) [25) 

and that recently reported by Larson et aJ. ( 1.8 ps) [42] , but longer than that determined by 

Takeuchi and Tahara (0.37 ± 0.02 ps) [43]. The discrepancy between the S, Lifetime in the 

present study and that in my previous letter is due to the fact that only three SVD component 

were taken into account previously [25] because of a relatively lower signal to noise ratio and 

a narrower wavelength range measured than in the present study. An exponential time 

constan t is strongly influenced by the number of components (49]. The author believe that the 

present value is more reliable than the previous one. The longer time constant obtained by 

Larson et at. was probably brought about by their method of data ana lysis [42] : They 

performed fitting procedures for several transient absorption data of different wavelengths 

without any constraint of lime constants. Consequently they obtained different time constant 

from converged fitting parmneters at different wavelengths for one physical process. The rise 

time constant ofT, which they obtained, for example. ranged from 24 ps to 45 ps. ln Lbe 

present SVD analysis , on the o ther hand , one rise or decay time constant definitely 

corresponds to one Lifetime of a transient species. The SVD analysis is essential ly superior to 

their data-analysi method which seems to be nevertheless mme popular [54] . The S, lifetime 

in the present study and thai in the fluorescence up-conver. ion study by Takeuchi and Tahara 

[43] do not perfectly coincide even if the experimental errors arc taken into account. Any 

clear idea for thi s discrepancy has not yet been figured out. The transient species exhibiting 

the spectrum in Fig. 3-7 (b) and the population in Fig. 3-7 (f) is the precursor of S1 all-trans 

retinal and is naturally assigned to the S, all-trans isomer. The broad absorption bands in the 

subpicosecond time region in Fig. 3-2 is due to principally the S, f- s, absorption spectrum. 

The S, rise time or the S
1 

lifetime is too sbmi to be determined by the present analysi . It is 

fixed to the value, 0.03 ps, reported by Takeuchi and Tal1m·a [43]. This means that there is no 

clear evidence in Lhe present study that the s, state i · generated only from tile S1 state, as 

assumed in Kinetics Scheme (J). There remain a possibllity Lbat some portion of the s, 
population is directly generated by the photoexcitation. The spectrum in Fig. 3-7 (a) is 

assigned to the S, f- S, ab ·orption spectra. The small downward band at wavelength 454 nm 
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in Fig. 3-7 (a) is due to the impulsive stimulated Raman gain signal assigned to the CH 

tretching modes of hexane. The Raman gain process is also insta ntaneous in the present time 

resolution and has the same temporal evolution as that of the S, population. Two possibilitie 

are considered for the nega tive signals around 407 nm in Fig. 3-7 (a); the ground-state 

bleaching or the stimulated emission gain. The fo rmer is possible in the wavelength range 

400 nm - 430 nm. Since it has been revealed that the s, state is flu orescent [43], the 

stimulated emi. sion gain i also possible in the wavelength range 400 nm- 450 nm. It will be 

shown later in the femtosecond time-resolved UV spectra that negative signals due to the 

ground-state bleaching is not so large in the wavelength range longer than 400 nm . Therefore 

the stimulated emission gain is more likely than the bleaching. 

g I 
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Fig. 3-8 Spectra ((a)- (d)) and populations {(c) .... (h}) of the four transient species of9-cis retinal in hexane. 
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The time-resolved VIS absorption spectra of 9-ci 

retinal in hexane (Fig. 3-3) were also succe sfulJy analyzed in 

the same way based on Kinetics Scheme (1). The absorption 

spectra and the populations of the transient species (S,, S,, S,, 

T ,) of 9-cis retinal recomposed from Fig. 3-3 by way of the 

SVD analysis are shown in Fig. 3-8 (a) - (h) . Ln the ana lysis, 

1/11, ¢2 , and t/1, were all put equal to unity on trial, because the 

main pathway of the 9-cis ~ all -tran s photoisomedzation 

reaction lie. on the adiabatic potential surface ofT, [II] and no 

J(Hi t! lifetime 

s, 0.03 ps(fi.xt:d) 

s, 072± 0 2 ps 

s, 34± 4 ps 

T, ,...(fixed) 

Table J-4 Exc ll cd-st~uc lifetimes of 
9-cis retinal in hexane at 293 ± 2 K 
obt ained from the femtosecond 
time-resolved VIS absorption data. 

isomerization reaction pathway has been found in the inglet manifold. Independent five 

measurements and analyses yielded the averaged time constants and the errors (standard 

deviations) summarized in Table 3-4. The spectrum in Fig. 3-8 (d) is nearly identical with the 

T, (- T , absorption spectrum of 9-cis retinal in degassed hexane at I 00 ps after the 

photoexcitatioo reponed by Hirata e t al. [10]. As mentioned above, the T , species just 

generated from an excited singlet state has the 9-cis configuration when s, 9-cis retinal i the 

starting isomer [II]. Then. the transient species bowing the spectrum in Fig. 3-8 (d) i 

assigned to T , 9-cis retinal. The population in Fig. 3-8 (h) is regarded a the temporal 

evolution of the T , 9-cis isomer. The rise time constant ofT, 9-cis retinal is 34 ± 4 ps (Table 

3-4) which is determined exactly for the fir t time. The transient species . bowing the 

population in Fig. 3-8 (g) is assigned to s, 9-cis retinal , because its decay corresponds well to 

the rise of the T, 9-c is isomer. The pectrum in Fig. 3-8 (c) is assigned to the S, (- S, 

absorption spectrum of 9-cis retinal. Hirata et al. observed a similar absorption band and 

suggested the same assignment [I 0]. The present peak wavelength of the S, (- S, absorption 

band, 4 10 nm , is in good agreement with their result. The transient species showi ng the 

population in Fig. 3-8 (f) is the precursor of s, 9-cis retinal as recognized from the inset of 

Fig. 3-8 (g). Then, it is assigned to the S
1 

9-cis i omer. The S, lifetime or the S, rise time 

constant of 9-cis retinal is 0.72 ± 0.2 ps (Table 3-4). lt was found in the fitting procedures that 

the lifetime of the fastest transient species of 9-cis retinal was much shorter than the present 

time resolution. Since any other femto ·econd time-resolved spectroscopic experiments of 9-

cis retinal has never been performed so far, it is necessary to assume that the transient pecies 

of the sho1test lifetime is s, 9-cis retinal. The S, lifetime of the 9-cis isomer was fixed to be 

0.03 ps throughout the fitting procedures as shown in Table 3-4 in correspondence with that 

uf the a ll - trans isomer. The spectrum in Fig. 3-8 (a) is assigned to the S, (- S, ab orption 

spectrum of 9-cis retinal. The small downward band at wavelength 454 nm and that at 427 

nm in Fig. 3-8 (a ) are the impulsive stimulated Raman gain signal assigned to the CH 

stretching modes of hexane and the C=C stretching mode of S
0 

9-cis retinal respectively. The 
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negati ve signals in the wavelength range 400 nm - 490 nm in Fig . 3-8 (a) probably 

correspond to the ·timulated emission gain rather than the ground-state bleaching. The 

fluore ·cence spectrum of 9-cis retinal in nonpolar solvents has never been reponed, but it has 

already been shown that the solid film of 9-cis retinal exhibited a fluorescence spectrum 

similar r.o that of all-trans retinal [55]. Therefore, the stimulated emission gain of 9-cis retinal 

is possible in the wavelength range 400 nm - 490 nm while the ground-state bleaching i 

expected only in the wavelength range snorter than 420 nm. 

In tbe case of the time-resolved VIS absorption spectra 

of 13-cis retinal (Fig. 3-4), the SVD analysis based on Kinetics 

Scheme (I) was not successful because of lbe lower signal to 

noise ratio. It was imposs ible to obtain a unique S, spectrum. It i 

likely that Kinetics Scheme (I) is not applicab le to 13-cis retinal. 

Ins tead the curves of time-delay dependence of abso rbance at 

several wavelengths were derived from the spectra in Fig. 3-4 

and are shown in Fig. 3-9 (a) - (d). The fast decay in the 

subpicosecond time range at 500 nm - 600 nm (Fig. 3-9 (b) -

(d)) probab ly corresponds to the deactivation of the excited 

singlet states. The obtained decay time constants varied from 0.3 

ps to 3 ps. The gradual increase of absorbance in the time range 

I 0 ps - SO ps at 450 om (Fig. 3-9 (a)) corresponds to the rise of 

the T, population. The time constant of the T, rise was about 12 

ps which is definitely shorter than that of the aU-trans and 9-cis 

isomers (Table 3-3, 4). Therefore, it is high ly likely that Lhe 

ab orption signals of the excited singlet and ti·ip let states in Fig. 

3-4 and Fig. 3-9 are primarily due to the 13-cis isomer. There is 

no evidence for any conlribut ion of the other isomers to the 

spectra in Fig. 3-4 within tbe present experimental accuracy. 

3-1-3-2. Femtosecond time-resolved UV absorption spectra 
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Fig. 3-9 Transient absorbance of 
13-cis re1inal in hexan e al 
severo! wavelength s. 

Fourteen representative femtosecond time-resolved UV absorption spec tra of all

trans retinal io hexane at 298 K are shown in Fig. 3- 10. The femtosecond time-resolved 

absorption spectra in the near UV region were measmed for the first time to the best of my 

knowledge. Since the ground-sta te absorption bands of all-tra n.s .retinal exist in this 

wavelength range 3 I 0 nm - 390 nm, negative signals due lO the ground-state bleaching 

dominated the spectra of Fig. 3- 10. The bleaching band shape at 100 ps after the 

photoexcitation is in agreement with that measured by Veyret et ul . with nanosecond time

resolution [l6]. In the time range 0.6 ps- 20 ps. positive signals were ob 'erved in the 
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wavelength range longer than 370 nm. 

Similar measurements were performed 

with the hexane solutions of all-trans 

retinal at 273 K and 269 K and the 

cyclohexane solution at 293 K. The 

femtosecond UV absorption spectra in 

cyclohexane at 293 K were nearly 

identical with those Ln hexane at 298 

K. This once again confirms our idea 

that hexane and cyc lohexane give 

. imilar environment s for all-trans 

retinal in the electronic excited states. 

The time-resolved UV spectra at 269 

K are shown in Fig. 3-11. The features 

of the absorption bands in Fig. 3-11 

are the same as those in Fig. 3-10. 

The S VD analysis of the 

femtosecond time-resolved UV 

absorption spectra was performed in 

order to clarify transient species 

appearing in the spectra and the 

temperature dependence of the 

kinetics parameters. The two series of 
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waveleogth / nm 

Fi~. 3·10 Femtosecond time
resolved UV ttbsorption spectra 
of all~trans retinal m hex:anc at 
298 K. 

the singular values thus derived f:rom the spectra 

in Fig. 3- 10 and II are shown in Fig. 3-12. Both 
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Fig. 3-ll FcmtQsecond time
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spectra of all~trans retinal in 
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10 

number of SVO COfl'lpon9111s 

of them clearly indicate that two SVD 

components should be taken into account. The 

third and higher SVD components were 

disregarded. In the previou section, the Lime

resolved VIS absorption . pectra of all- trans 

retinal have been success ful ly interpreted in 

terms of Kinetics Scheme (1). The five transient 

species of which four are linearly independent 

are involved in Kinetics Scheme (!). It is now 

necessary to identify the two transient species 

that contribute to the time-resolved UV spectra. 

Fig. 3-12 Singular values obtained from the time
resol ved UV spectra or all-trans rctinuJ at 298 K and 
269 K of Fig. 3-10 and II rcspcclivcty . 

One is definitely the S
0 

state. because the negative signals in Fig. 3-10 and II must be due to 

the ground-state bleaching. The other is most likely to be the S, state which has a 32-ps 
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Fig. 3-13 Spectra (Ca). (b)) and populations {(c) . (d)) of tbe two transienl species obtained from the time-rc5olved UV 
.::pcctra of all-trans retinal in hexane at 298 K. 

lifetime that corresponds to the observed positive signals. By using the sum of single

exponential function for the fitting procedures, the absorption spectra and the populations of 

the two transient species were recompo ed from the time-resolved UV pectra at 298 K (Fig. 

3- 10) by way of the SVD analysis and are shown in Fig. 3-13 (a)- (d). lt was found in the 

actual fitting procedures that a new rate constant r ,, which did not appear in Kinetics 

Scheme (I ) was necessary while y3 was unnecessary. The kinetics eq uations of the two 

transient species were finally reduced to the following simple fom1s: 

(3-12) 

(3-13) 

The population of Fig 38 (c) and that of Fig. 3-13 (d) correspond to Eq. (3-12) and (3-13) 

respectively. The averaged va lues of the three time constants ( y, _,, y,-•, r; 1
) and the 

parameter A with their errors (standard deviations) were obtained from the eight independent 

measurements of all -trans retinal in hexane a~ fo llows: y 1-
1 = 0.56 ± 0.05 ps, y 1- ' = 3 1 ± 3 

ps, Yr- 1 = 7.2 ± 2 ps , A = 0.36 ± 0.08. The value of y 1-
1 is in good agreement with the S1 

lifetime (Table 3-3) obtained from the preceding femtosecond time-resolved VIS absorption 

measurements. The value of y,-1 is shorter than the S, lifetime determined in the preceding 
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measurements (0.73 ± 0.2 ps), but there is overlap between them when the errors are taken 

into accounL The S , population IS,] (Eq. (3-4)) can be reduced to / 5 1 (t) (Eq. (3-12)) because 

the lifetime of S, is much shorter than that of S,. Therefore, the transient species showing the 

spec trum of Fig. 3- 13 (a) and the population of Fig. 3-13 (c) is assigned to the same s , all

trans isomer as that idenl"ified in the VIS spectra. As seen from Fig. 3-13 (a), a strongs. f- S, 

absorption band .is located in the wavelength range 360 nm - 390 nm. The negative 

population in Fig. 3-13 (d) is ascribed to the ground-state bleaching. Though the 

instantaneous decrease of the 5
11 

population in the inset of Fig. 3-13 (d) .is con istent with the 

depletion of the S, all-trans isomer by the photoexcitation, its recovery with the time constant 

of 7.2 ps (= y_-') has to be accounted for. The S
0 

population [S0 ] of Eq. (3-6) is not reduced 

to j~0 (t) of Eq. (3-13) which includes y l'. The most simple and reasonable modification of 

Kinetics Scheme (l) is to assume that an intermediate of which the lifetime is y / exisL~ and 

it exclusively decays 10 s •. The symboJ p* is hereafter used to designate this intermediate. As 

discussed later, the p* slate is considered to be the "perpendicular excited singlet state" which 

plays an essent.iaJ role in the process of isomerization. Either the S, or S, state can be the 

precursor of p*, since the Ufetime of p* is longer than that of S, and S, but sbmter than that of 

S , and T ,. First , let us assume that S, is the precursor of p* Tbis is to assume that the 

isomerization proceed. from the S, state. Then, we need to add to Kinetics Scheme (D an 

extra relaxation pathway of the S, state: 

The 5
3

, S,, s,, and T, populations in Kinetics Scheme (11) are the same as those in Kinetics 

Scheme (1) (Eq. (3-2) - (3-5)) with the condition 1/1, = 1/1, = I . The population of p* and that 

of S, in Kinetics Scheme (ll) are written as follows: 

(3- 14) 

[S0 ] = -[S, ]- [5, ]- [S,]- [7;]- [p*]. (3-15) 
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Eq. (3- I 5) is reduced to Eq. (3- 13) on the condition that y, >> y" and y2 >> y
1
, that are 

really sati sfied. We also have a relation between ¢2 and A as follows:: 

I 
1/J, = I+A . (3- 16) 

Secondly, when s, is assumed to be the precursor of p*, Kinetics Scheme (I) is modified in 

the similar way as follows: 

Kinetics Scheme (Ill). S ~s ~S ~S ~T 
0 l• v 3 2 I I 

(1-t/> )r r s _L__·".!.l ~3~ P * ~s 
3 0 

The S,, S,, S ,, and T, populations in Kinetics Scheme (ill) are the same a those in Kinetics 

Scheme (I) with the condition ¢1 = rp2 = I . The S
0 

population in Kinetics Scheme (fll) is also 

written as Eq. (3-15). The popu lation of p* in Kinetics Scheme (lll) is written as follows: 

(3-17) 

By substituting Eq. (3- 17) for Eq. (3- 15) and using the realized condition y3 » y", Eq. (3-

15) is again reduced to Eq. (3-13), and the foJ!owing equation is obtained: 

(3- 18) 

The SVD analysis which yielded Fig. 3- 13 (a)- (d) can be ba ed on either Kinetics Scheme 

(fl) or (Ill). Note that U1e parameter A of f50 (t) (Eq. 35) determines tbe quantum yield of S,, 

T
1
, and p* in boU1 Kinetics Scheme (II) and (III). The S , and T , quantum yields are given by 

I f . . A . S . ( l ) --, and that o p* IS gtven by --. There 1s no , -t S0 relaxauon paUlway ¢1 = as 
! +A l+A 

indicated by the constant S
11 

population fort > 20 ps in Fig. 3- I 3 (d). 
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The femtosecond time-re ·o lved UV absorption spectra of all-trans reti nal at 293 K, 

273 K, and 269 K (Fig. 3- ll ) were also analyzed in the same way except for the foUowi ng 

point: It was found in the actual fitting procedures that r,, was almos t independent of 

temperature while A was not. Both y
11 

and A were determined by a small fraction of the 

data in the time range 0 ps - 20 ps (see Fig. 3- 13 (d)), and it was not possible to determine 

these two quantities si multaneously with small uncertainties. Therefore, Y, 1 was fixed at 7 .2 

ps throughout these analyses in order to determine the temperature dependence of A as exact 

as possible. The spectra and the populations of S, and S" at 269 K obtained by way of the 

SYD analys is are shown in Fig. 3- 14 . [t is noticed that the data were fitted well for S1, even 

with r,, fi xed. The S, decay in Fig. 3- 14 (c) is s lower than that in Fig. 3-13 (c). The amou nt 

or the s., recovery io Fi g. 3-14 (d) i s 

smalle r than that in Fig. 3-13 (d) . The 

averaged values o f y,-1 , y,- ' , and A 

with their errors (s tandard devi at ions) 

o bt a in e d from severa l indepe ndent 

measu rements at each temperature are 

summarized io Table 3-5. The temperature 

dependence of tbe quantum yield derived 

from the parameter A in Table 3-5 will be 

discussed later. 
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~ 
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wavelength 1 nm 
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~ 
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* 
0.0 

wavelength I nm 

temperatur~ I K s2 tirerimc/ps S111ft:limc/ps 

298 056±0.05 31 ± 3 0.16±0.08 

293 0.47 ±0.0S 31 ± I 0:29±0.04 

273 O.SJ ± O.OS 42 ±2 0.2 1 ±:0.01 

269 0.49±0.02 42 ±. 1 0.18±0.02 

Table 3·5 Converged fitti ng parameters in the analyses of the 
fem tosecond ti me~ rcso l vcd UY absorpti on spectra of all -trans 
retinal in ac ratc.d nonpola r solvents at fo ur different 
tcmeperaturcs. 
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Fig. 3-14 Spc<lra ((a). (b)) and populat ions ((c). (d)) of 1he 1wu transient species obtained from the time- resolved UV 
SJ)I.."'t"tnl of all- trans retinal in hexane at 269 K. 
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3-1-3-3. Nanosecond time-resolved UV absorption spectra 

The nanosecond time-resolved UV absorption spectra 

of aU-trans retinal in cyclohexane are shown in Fig. 3-15. The 

dominant negative signals are ascribed to the ground-state 

bleaching. The bleaching recovery in the nanosecond time 

region corresponds to the T
1 
~ S, decay. The T, lifetime of all 

trans retinal in aera ted cyclohexane is obta ined from the 

pre enl nanosecond spectra as 74 ns which is in good 

agreement with the nanosecond CARS data [II] and is about 

hundred times shorter than that in degassed nonpolar solvents 

(5 - I 0 f!S) [ 15, 22]. The bleaching band shape in Fig. 3-15 is 

nearly identical with that in femtosecond UV spectrum at IOO 

ps (Fig. 3-10, II). 

No population of T
1 

all-trans retinal in aerated 

cyclobexaoe is expec ted at I llS after the photoexcitation. 

Nevertheless the time-resolved absorption spectrum at I f!S in 

Fig. 3-15 slightly deviates from zero in the longer wavelength 

range 350 nm - 390 nm. Jt is due to the all-trans ~ I3-cis-9-

ci. photoisomerization. ln fact, the spectrum at I f!S in Fig. 3-

15 is in good agreement with the difference spectrum between 

the molar absorption spectra of the S
0 

13-cis and ali-trans 

isomers. It is unnecessary to take account of 9-cis retinal for 

.0.06 

000 ~--------~==~ 
-0.03 l jJS 

.0.06 

340 360 360 

wavelength / nm 

Fig. 3-15 Nanosecond lime
resolved UV <l bsorption spectra of 
all-trans retinal in cyclohexane. 

calculating the difference molar absorption spectrum, because the ground-state absorption 

spectrum of 13-cis retinal is nearly identical with that of 9-cis retinal and the quantum yield 

of the 13-cis isomer is about 5 - I 0 times larger than that of the 9-cis isomer (Table 3-1 ). The 

absorption spectrum at I llS in Fig. 3-15 is regarded as the photoproduct band. 

3-1 -4. Discussion 

3-1-4-1. Comparison of the excited-state abs01·ption ofthe isomers 

Considering both all-trans and 9-cis retinal , the correspondence between the T , rise 

and the S
1 

decay and that between the S, rise and the s, decay were simultaneously found in 

the femtOsecond time-resolved VIS absorption pectra for tbe first lime. The s, temporal 

evolution of all-trans retinal was confirme.d also in the femtosecond time-re olved UV 

absorption spectra. These findings s trongly support Kinetics Scheme (1). However the 

correspondence between the S, rise and the S, decay was not confirmed exactly because of 

insufficient time resolution. It was impossible to determine the S, lifetime from the present 
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measurements. It is admitted that the assignment of S, is less unequivocal than that of S,, S,, 

and T
1
• There may be some other plausible interpretations. The most important one is 

probably that the species of the shortest lifetime, that is, what is assigned to S, above, is 

ascribed to the vibrationally exc ited S, state (S,*). However th is particular interpretation is 

rejected for the fo llowing three reasons: One is that all the transient species in the all-trans 

and 9-cis isomers have the distinct absorption spectra, though it is expected that vibrational 

excitation bri ngs about only broadening and/or vibrational structu res of an absorption band 

[56-58]. The econd is that there is po sibly no subs tantial Franck-Condon overlapping 

between S
0 

and S,, and accordingly substan ti al vibrational excitation is not expected to be 

brought about by the photoexci tation of S
0

. It i because any vibrational structure has never 

been observed in the UV-VJS absorption and fluorescence spectra of retinal even at low 

temperature [29-32. 59, 60]. In the last place, it is unlikely that the vi brationally excited s, 
band of 9-cis retinal is located energetically below t.bat of all-trans retinal by as much as 1000 

em' which corresponds to the difference between the two peak wavelengths of the spectra of 

Fig. 3-7 (a) and 8 (a). It is noted that the S
2 

band of 9-cis retinal is located at nearly the same 

energy as that of all-trans retinal (Fig. 3-7 (b), 8 (b)). Accordingly it is very likely that the 

transient species of the shortest lifeti me in all-trans and 9-cis retinal is as igned to the S, state 

which is the precursor of S, . 

Some general correspondence between the transient species of all-trans retinal and 

those of 9-cis retinal was found. Especially the S, and s, lifetimes of al l-trans retinal (Table 3-

3) approximately coincide with those of 9-ci retinal (Table 3-4). It is also pointed out that the 

S, f- S, and S , f- S
1 

absorption spectra of both of the isomers are similar (Fig. 3-7 (a), (b), 8 

(a). (b)) . This correspondence is probably ascribed to the fact !hat the all -trans and 9-cis 

isomers have similar excited electronic structures. Then it is natural to consider that the 

corresponding excited states of the all -trans and 9-cis isomers are of the nearly same 

character. However the symbols A, and B, should not be u. ed for characterizing the excited 

states of 9-cis retinal even in an approximate meaning, because the 9-cis i omer is never of 

C" symmetry bu t of only C, symmetry even if the cyclohexene ring, the carbonyl group, and 

the methyl groups are all neglected . Kinetics Scheme (J) was originally made on the 

assumption that the s, state of all-trans retinal is of B; (1t, n*) character which has recently 

been verified by femto econd time-resolved fluorescence up-conversion spectroscopy [43). ll 

is likely that the S, state of 9-cis retinal corresponds to the s, all-tran. isomer of B,' (7t, n*) 

charac ter because of the similarity of the absorption bands and the temporal behaviors. The 

other two remainin g, namely A, (7t , n *) and (n, n* ) are ass igned to S, and S,. The 

coincidence of the S, and S, lifetimes in the two isomers can help the characterization of these 

states. The S, and S, lifetimes are primarily determined by the rate of the s, ~ S, internal 
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conver ·ion process and that of the s, ~ T , intersystem crossi ng process respectively. It has 

been shown by an electron spin echo experiment that the T, state of all-trans retinal is of (rr, 

rr*) character [61] . Since the T, ~ T , absorption speciTum of 9-ci reti nal (Fig. 3-8 (d)) is 

very similar to that of all-trans retinal (Fig. 3-7 (d)) , it is probable that the T , state of 9-cis 

retinal is also of (rr, rr*) character. The S, ~ T , intersystem eros ing in all-trans and 9-cis 

retinal is presumed to be a direct process of '(n, rr*) ~ ' (rr, rr*), because it is unlikely that a 
1(7t , 7t*) ~ ' (Jt, n* ) process which is only induced by vibronic coupling brings about the 

nearly equal rise time constants ofT, for the all-trans (3 1 ps) and 9-cis (34 ps) isomers. A ' (11, 

n*) ~ ' (n, n*) process is more tenable to account for the si milar temporal evolut.ion ofT,, 

because all-trans and 9-cis retinal are expected to have a s imilar structure as regards the C,,,

C 1,=C, -C.,=C,,-C, =O part which strongly influences the overlap between the non-bonding 

and 7t orbitals. Therefore it is likely that the S, tate is of (n, rr*) character in both of tl1e 

isomers , and consequently the S, state is of A,- (7t, rr*) character in the al l-trans isomer and of 

(7t, n*) character in the 9-cis isomer. Note that the experimental fac t that all -trans retinol 

(v itamin A) which has no nonbonding electrons has a much lower T , quantum yie.ld (0.03) 

[62] than all-trans reti nal (0 .74 in the present study) also suggests that the S , state which is the 

precursor ofT, is of (n, 1t*) character. 

In the analysi of the fern to. econd ViS absorption 

spectra of al l-trans retinal (Fig. 3-2), Kineti cs Scheme (l) 

starts from the S,, state with the aU-trans configuration and 

ends with the T , state having the same configuration. It is 

therefore natural to assume that the three excited s inglet 

state a l o have the all-trans configuration . In order to 

check whether other cis excited states are involved in the 

aU-trans VIS spectra as minor components, the products of 

the spectra and the populations of the S
3

, S,, s,. and T , 

stat es (Fig. 3-7) were subtracted from the raw all-trans VIS 

spectra (Fig. 3-2). The resultant residual spec tra are shown 

in Fig. 3- 16. There are no meaningful bands in the residual 

spectra. E pecially any transient absorption bands observed 

in the 13-ci VIS spectra (Fig. 3-4) never appear in the 

residual spectra . The res idual s pect ra s how tha t the 

femtosecond time-resolved VIS absorption spectra of all-

trans retinal were fu ll y explained by Kinetics Scheme (I). 

Thi s me an s that no 13-c is excited-sta te species a s a 

pbotoisomerization product is observed in the all -trans VIS 

spectra. lt is concluded that an aJl-u·ans ~ 13-c is-9-c is 
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photoisomecization reaction pathway which is complete in the electronic excited tales was 

not found within the present experimental accuracy. Jl is possible to estimate this accuracy as 

foLlows: The standard deviation of the residual pectrum at each time delay was calculated at 

about 0.002. The S - S absorption peak coeffic ient of 13-cis or 9-cis reLinaJ at 0 ps - 0.6 ps in 

the presen t condition is about 0.07 (Fig. 3-3, 4). Then the possible maximum total quantum 

yield of the all-trans ~ 13-cis-9-cis isomerization reaction which is complete in the excited 

inglet states is the ratio of 0.002 to 0.07, that is, 0.03. Note that the all -trans ---> 13-cis·9-cis 

total quantum yield is about 0.12 (Table 3-1 ). Jt is necessary to figure out another reaction 

mechanism that is not complete in the excited si nglet state . . 

The residual spectra of 9-cis retinal were obtained 

in the same way as those of all-trans retinal and are shown 

in Fig. 3-17. The residual spectra show that the 9-cis VIS 

spectra (Fig. 3-3) was fully explained by Kinetics Scheme 

(1). Only the transient species of the 9-cis configuration are 

included in Kinetics Scheme (I) applied to 9-cis retinal. 

Nothing like the transient absorption bands observed in the 

all-trans VIS spectra (Fig. 3-2) appears in the 9-cis residual 

specu·a. Therefore, it is concluded that a 9-cis ---> all-trans 

photoisomerization reaction pathway wllich produces all

trans species in the electronic excited singlet states was not 

found within the present experimental accuracy. The 

accuracy can be estimated .in the same way as just above. 

The standard deviation of the residual spectrum of 9-cis 

retinal at each Lime delay was calculated at about 0.002. 

The S - S absorption peak coefficient of all-trans retinal at 

0 ps - 0.5 ps in the present condition is about 0.1 (Fig. 3-

2). Then the possible maximum quantum yield of the 9-cis 

---> all-trans isomerization reaction which is complete in the 

exci ted singlet states i. the ratio of 0.002 to 0.1, that is, 

0.02. Since the 9-cis ~aU-trans quantum yield is about 0.2 

(Table 3-1 ), the possible contribut.ion of this particular 

single t mechanism to the total 9-cis ~ all-trans quantum 

yield is le s than I 0%. 

3-1-4-2. Photoisomerization reaction scheme 
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Fig. 3-17 Res idual spectra of 9-ci s 
retinal in hexane at various time dcbys 
obtained by subtracting the contriburion 
or the four transient species in Fig. ).g 
from the mw spectra in Fig. 3-3 . 

The intermediate p* wa. introduced in Kinetics Scheme (Il) or (UI) to understand the 

femtosecond UV data. The precursor of p* can be either the S, or S, states of all-trans retinal, 
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and p* decays exclusively to S,. The most evident 

assignment for p* is to the perpendicular excited 

si nglet state as chematically shown in Fig. 3-18. The 

isomerization scheme in Fig. 3-18 is based on Kinetics 

Scheme (0 ) or (Ill), and they are compatible with each 

other as shown later in thi s section. All-trans retinaJ in 

nonpolar solvents undergoes isomerization to both the 

13-cis and 9-cis isomers. Therefore, strictly speaking, 

two different perpendicular configurations of which 

one is twisted about the C,,=C,. double bond and the 

other a bout the C,,=C ,, double bond s hould be 

considered. However it is sufficient to assume only the 

former perpendicular s tate because (i) the 13-cis 

quantum yield is about 5 - I 0 Limes higher than the 9-

p 

s
0 

perpendicular 

trans 

s, 

s, 

s, 

T, 

So 
CIS 

Fig. 3-18 All-tran s --+ mono-cis 
photoisomcrization reaction scheme of retinal 
in aerated nonpolar solvents. 

cis quantum yield, and (ii) the signal to noise ratio in the pre ent femtosecond time-resolved 

UV absorption data is not sufficient to assume two different perpendicular states with 

different life lirnes. Therefore, the .isomerization scheme in Fig. 3-18 does not distinguish the 

13-cis and 9-cis isomers. The reaction mechanism in the scheme is then the same as the trans 

-,> cis photoisomerization mechanism of stilbene. The p* state decays to the perpendicular 

ground slate, p, and p is deactivated to give the trans and cis isomers in the ground state in an 

equal ratio. The decay rate of p is assumed to be much larger than that of p*, (7 .2 ps)·'. The 

lifetime of the perpendicular excited singlet state of stilbene is thought to be much shorter 

than a picosecond [26, 63, 64] while that of trans-1 , I ' -b iindanylidene (stiff stilbene) is about 

10 ps [65] . The excited singlet s tate of telraphenylethylene, for which Lhe perpendiculru: 

configuration is confirmed by nanosecond time-resolved Raman spectroscopy [66] , has a 

lifetime of 3 n [67]. The 7-ps lifetime of the p* state of retinal is well in the range of the 

reported life limes of the excited singlet perpendiculru· states of olefms. 

According to the scheme in Fig. 3- 18, the total quantum yield of the a ll -trans -,> 13-

cis-9-cis photoisomerization of retinal can be derived from the femtosecond UV absorption 

data as follows: 

(3- 19) 

where r/1,_, .. i the total quantum yield and A is the parameter in Eq. (3-1 3) representing the S, 

population change. Note that r/1,., is half of the quantum yield of p*. The temperature 

dependence of the all-trans """ 13-cis·9-cis photoisornerizarion total quantum yield is obtained 

from Eq. (3- 19) and Table 3-5, and is hown in Fig. 3-19. The total quantum yields upon 
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direct photoexcitation measured by means of I-IPLC [7, 17. 20] are also together shown in 

Fig. 3- 19. It is noted that the quantum yie ld in the temperature range lower than 260 K have 

been g iven only by Waddell and Chihara [17], and the data of Katayama are due to 

supplementary experiments performed in our group [20] . The total quantum yields at the four 

temperature points obutined in the presem time-resolved spectroscopic measurement agree 

well with the literature va lues by I-IPLC. This agreement strongly supports the present 

i omeri zation scheme in Fig. 3- 18. 

Both of Kinetics Scheme (ll) and (Ul) give the same isomerization quantum yield or 

Eq . (3-19). This means that we cannot unequivocally determine the isomerization pathway 

solely from the present femtosecond UV data. However, the fact that the isomerization 

quantum yield becomes lower with a decrease in temperature means that thermal excitations 

are involved in the process of the p* formation . The S, lifetime which has been reported as 

0.03 ps [ 43] is too short to be associated witb any kind of thermal excitations. [t is considered 

that the precursor of p* is the s, state; in other words, we adopt Kinetics Scheme (ll) rather 

than (Ill ). Then, the total quantum yield is detemtined by two rate constants as fo llows: 
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(3-20) 

where y,_, , i · the S , --7 S, int.ernal conversion rate constant and y2 , . is the S, --7 p* decay 

rate constant , and the equation y2 = y2_, 1 + y,_,P. has to be satisfied. The temperature 

dependence of t/J"" in Fig. 3-19 means that y2_,r• decreases as the temperature becomes 

lower. The mo t straightforward way to introduce the temperature dependence of y,_,r• is to 

use a transition state expression as follows: 

(3-2 1) 

where a2_, , . is the rate at a high-temperature limit , £,. is an activation energy, and the 

temperature is expressed as T. On the assumption that the internal conversion rate y2__, 1 is 

independent of T. an Arrhenius-type relation is obtained by using Eq. (3-20) and (3-21) in 

the following way: 
2.0 ...----,----.---.---.----n 

1·8 femto UV 
E, = (1.2 ± 0.6) x 10' em·' • 
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Fig. 3-20 Arrhenius plot to obtain Lhc actjvation energy of all- trans--+ IJ-cis·9-cis isomerization. 
Dashed lines correspond to the error range of the activation energy. In the inset. the daLa of Waddell and Chihara (Ref. 
[17 j) are planed for the "ake of compari!;on. 
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log(-
1
- -JJ = E. + log( Yt ... , ) . 

21/J,, k8T a2 n· 
(3-22) 

The activation energy E., can be derived by plotting log(T'¢1,.,/ - 1) versus r·' as shown 

in Fig. 3-20. The data of Waddell and Chihara are also plotted in the same way in the inset of 

Fig. 3-20. E., was roughly estimated at ( 1.2 ± 0.6) x 1 0' em ' ( 14 ± 7 kJ mol ') from the 

present data. while the data of Waddell and Cbi.hara yielded 7.6 x 10' cnr'. These two E. 

values do overl ap when the error is taken into account, and the present £. va lue is 

comparable to the activation energy along the trans -7 perpendicular reaction pathway of S , 

stilbene ( 1200 em') [68-72]. However, y2_.,, . at 293 K - 298 K is estimated to be about (2 

ps)·' which is more than ten times larger than the trans -7 perpendicular reaction rate of S, 

stilbene [69, 7 1. 72]. ll is quite possible that the present E., value is being overestimated, and 

the lower va lue of Waddell and Chihara may be more trustworthy. Though the present 

reaction scheme of retinal is a replica of that of stilbene, the fact that the nearly equal values 

of the activation energy were obtained for retinal and stilbene does not necessarily mean the 

validity of applying the transition state theory to suc h an 

ultrafast reaction. However the present data are not enough 

in their qu anti ty and quality to figure out a new 

temperarure-dependence expression of y2_.,. instead ofEq. 

(3-2 1 ). At the present stage, it is appropriate to ascribe the 

temperature dependence of the quantum y ie ld to the 

ex istence of the activation energy barrier. 

Th e temperature dependence of th e S , and S , 

lifetimes (Table 3-5) obtained from the femtosecond time

resolved UV absorption data is shown in Fig. 3-21 (a) and 

(b). In Fig. 3-2 1 (a), a theoretical curve represented by 

Y2 = y, 1 + a1_,1, . exp(- k~~ J based On the iSomerizatiOn 

scheme and Kinetics Scheme (Ill is together sbown. Since 

y2~ 1 is about four times larger thao y1_"., the S, lifetime 

depends on T only weakly. The experimental errors of the 

s, li.fetime in Fig. 3-2 1 (a) are too large compared to the s, 
lifetime change on going from 269 K to 298 K calculated 
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theoreticaJJy to know whether the S, lifetime depends on T or not. In Fig. 3-21 (b). the 

observed S, lifetime change is larger than the experimental errors. The S, lifetime becomes 

longer with a decrease in T. This T dependence of the S, lifetime is natural. ln fact, it is 

well-known that a nonradiative T, ~ S
11 

intersystem crossing rate constant generally 

decreases with a decrease in temperature. On the assumption of y, ~ exp(- £.,~ ,.), the 
k8T 

activation energy of the S
1 
~ T

1 
intersystem crossing ( B,__., ,.) was estimated as 6 x I 0' em '. 

ft is presumed that the intersystem crossing process from S, to T, in all-trans retinal is 

accompanied with a structural change along a coordinate other than that of the doub le-bond 

isomerization. 

There are two independent methods lO derive the S, quantum yield ¢151 from the 

femtosecond UV data. One method i to use Table 3-5 lUld the fo llowing equation: 

= -
1
- =1-2 1/>s, I +A 1/!,.,,.' (3-23) 

that is based on the isomerization scheme in Fig. 3-18. The other is to calculate the ratio of 

the area of the S , absorption baud to that of the S
0 

ab orption band in Fig. 3-13 or 14. ln the 

fanner method, ¢
51 

is determined only by the S
11 

temporal evolution and the absolute value of 

1{!5 1 can be obtained. However only relative value of ¢5, is obtained in the latter method, 

because the molar absorption coefficient of the S, f

s, abso rption is not known. The ¢51 temperature 

dependence obtained by way of the former method 

and that by way of the latter with an adequate scaling 

factor are simultaneous ly shown in Fig. 3-22. They 

approx im ate ly coincide with each other. The 

coincidence of the independently obtai ned !fis1 values 

supp01ts the present isomerization scheme. Note that 

lfis
1 

in the present scheme is equa l to the triplet 

quantum yield !fir . The ¢,. or 1{!51 va lue at 298 K 

obtained by way of the former method is 0.74 ± 0.04 

which is slightly higher than the repotted ifir values 

which ranged from 0.43 to 0.7 [ 13-16, 73]. All the 

reported !fir values were obtained by means of the T , 
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E- T, absorption measurements with nano- and microsecond time resolution. Tn the analysis 

of the T,. E- T , abso rption spec trum , it was necessary to assume the molar absorption 

coefficient ofT, all-trans retinal and the effects of multiple excitation had to be taken into 

account. The femtosecond UV absorption analysis does not need any assumption and 

therefore the present ¢., value is more trustworthy than the previously reported values. 

In the nanosecond time-resolved UY abso rption spectra of all-trans retinal in 

cyclohexane at 298 K (Fig. 3- 15), both the ground-stale bleaching band and the photoproduct 

band have been observed. The former is ascribed to the T , population, and the latter is due to 

the aU -trans~ 13-cis·9-cis isomerization. Then, it is possible to obtain the ratio of ¢,,. to l/lr 

from the nanosecond spectra by using the molar absorption coefficients of the all-trans and 

13-cis isomers. The ratio ¢,,., is calculated at 0.21 ± 0.05. By substituting this ratio for Eq. 
1/JT 

(3-23). ¢,_,. and l/lr are calculated at 0.15 ± 0.03 and 0.70 ± 0.06 respectively. These values 

agree weLl with those obta ined from the femtosecond UV data. This agreement provides 

additional suppo11 to the present isomerization scheme. 

We now con ider how the isomerization ·cheme in Fig. 3- 18 becomes compatible 

with Kinetics Scheme (11). In Kinetics Scheme (TI) or (fiT) . the intermediate p* decays 

exclusively to the S" all-trans isomer, and isomerization is not inc luded at alL In the 

isomerization scheme, on the other hand, the p* decay is accompanied with the formation of 

the S,, all-trans and 13-cis isomers in a 50/50 ratio. An ideal SYD analysis of the femtOsecond 

UV data based on the isomerization selleme in Fig. 3-18 requires three components, the S, 

all-trans, S" a ll -trans, and S
11 

!3-ci isomers , but in fact only two SVD components were 

obtained experimentally. It is aLready shown by the present SVD analysis of the UV data that 

the S, and S
11 

all -trans species contribute to the two leading SVD components. It is unlikely 

that all the contribution of the S
1
, 13-cis isomer to the SVD components was neglected i11 the 

present SVD analysis, because the S
11 

absorption spectra of the all-trans and 13-cis isomers 

are nearly identical (Fig. 3-1). On the contrary, it is highly likely that most of the contribLition 

of the S
11 

13-cis isomer has already been taken into account in the present SVD analysis, and 

what was neglected is only the contribution of the difference spectrum between the S0 

absorption specu·a of the 13-cis and all-trans isomers. When the temporal evolution of the S., 

a.ll -trans isomer is expressed as J~0 (t) of Eq. (3- 13), that of the difference spectrum between 

the 13-cis and all-trans i omers is written as follows: 

f . ()-A(I -r,•) •bfl t -2 -e . (3-24) 
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The contribution of each transient species to the SVD components is determined by the 

product of the area of its absorption spectrum and that of its temporal evolution. The ratio of 

the area of the S
1
, all-trans spectrum to that of the 13-cis - all-trans difference spectrum is 

obtained from the ground-state molar absorption spectra in Fig. 3- 1 as 22.5. The ratio of the 

area of the S
11 

al l-mms temporal evolution to that of the temporal evolution of the 13-cis- al l

trans clifference spectrum is obtained from Eq. (3-13) and (3-24) as 14.5. Accordingly the 

ratio of the contribution of the S., aU-trans isomer to that of the 13-cis - aU-trans difference 

spectrum is calculated to be 326. The ratio of the contribution of the S., al l-trans isomer to that 

of the S, all -trans isomer is calculated in the same way to be 1.77 from the spectra and the 

populat ions in Fig. 3- 13. Con equently the contributions of the S,, all -trans isomer, that of the 

S , all-tran: isomer, and that of the 13-cis - all-trans difference spectrum are in the ratio I : 

0.57 : 0.0031. The 1st- 4th singular values derived from the femtosecond UV data (Fig. 3-

12) are in the ratio 1 : 0.44 : 0.030 : 0.026, and the 3rd and higher SVD components are 

dominated by noise. The expected contribution of the 13-cis- al l-trans difference spectrum is 

ten time smaller than the present noise level. Therefore, the signal to noise ratio bas to be 

improved at least ten times belter than in the present experiment, in order to include the 

contribution of the 13-cis - all-trans difference spectrum correcrly in the SVD analysis with 

the th ree components. Owing to both the smal l difference between the S0 all-trans and 13-cis 

spectra and the low quantum yield of the all -trans ~ 1 3-cis·9-cis photoisomeri zation, the 

SVD analys is of the UV data has been soundly performed with only two components. 

No transient absorption band ascribable to p* was observed either in the VIS region 

(400 nm - 800 nm) or in the near UV region (3 1 0 nm - 390 nm), though it has been known 

that the p* absorption band of tetraphenylet.hylene is located at 420 nm [67], and that of stiff 

stilbene is located at 350 nm [65] . It is possible that a p* absorption band of retinal lies in the 

wavelength range shorter tban 300 nm or longer than 800 nm. It is al o noted that the p* 

quantum yield of retinal has proved to be as small as 0.22 at 293 K and 0.15 at 269 K , while 

that of tetraphenylethylene or sti ff Stilbene is nearly equal to 1. Such a small quantum yield 

makes it clifficult to detect the p* retinal absorption. Since t.he molar absorption coeffi cien t of 

p* is neither known nor predicted, it is not possible to estimate the signa.l to noise ratio of 

time-resolved . pectra which enables the identi fication of the p* absorption by means of the 

SVD analysis. 

Two additional remarks are made on the proposed isomerization scheme in Fig. 3-

18. First, it is possible to ascribe the 7-ps lifetime to the perpendicular ground state, p. A 

potential minimum at the perpendicular configuration is necessary to account for the lifetime 

as long a 7 ps. However, existence of such a potential minimum in the ground state ha 

never been rational.ized either theoretical ly or experimentally. The perpendicular ground state 

whose li fe time is 7.2 ps is much less likely than the perpendicular excited state. Secondly, it 
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is also possible to ascribe the 7-ps lifetime to the vibrationally-excited electronic ground state 

($
11
*) . Since no vibrational structure has ever been observed in the absorption and 

fluorescence spectra of all-trans retinal even at low temperature [29-32, 59, 60) , the S11 * 

spectrum is expected to be nearly identical with the S, spec trum. Then , the S,* --? S11 

relaxation does not bring about the observed temporal evolution of the bleaching recovery 

hown in Fig. 3- 13 (d). ln addition . Lbe assignment of p* to the S
0 
* state is not consistent with 

Fig. 3- 19, which leads to an excellent agreement between the isomerization qmmtum yields 

determined by the two independent methods. Therefore, the S.,* state is also much less likely. 

3-1-4-3. Relation between isomerization mechanism and electronic structure 

On the basis of the above arguments , it is most likely that p* is assigned to the 

perpendicular excited singlet state which is a bottleneck state on the way from the all-trans to 

the mono-cis configuratio.n. It is al. o likely that an energy barrier exists on the reaction 

pathway from the s, state in the all-trans configuration to the p* stare and brings about the 

ac tivation energy £
11 

which was estimated a (l .2 ± 0.6) x 10' em'. 

The origin of the energy barrier and the bottleneck perpendicular tate is related with 

the electronic characters of S_,. s,, and p* . Roughly speaking, there are two routes to consider 

the origin of the energy barrier. One is to assume the participation of two di fferent excited 

states and attribute the energy barrier to the crossing of these two states [74-76]. The other is 

to regard the energy barrier as an intrinsically adiabatic one and assume the electronic 

configuration to be unchanged during the barrier cro ·sing process [77] . lf p* is identified 

electronically with an excited state of rhe same character as the S, state, that is, A, (7t, 7t*), 

the S
2

--? p* reaction pathway is presumed to be adiabatic. If p* is identified electronicaJJy 

with an excited State of B; (7t , 1t*) character, on the other hand, the energy barrier is 

presumed to be attributed to the crossing of the s, and S, states. The participation of these two 

states in the isomerization process is quite possible since they are very close in energy (-

2000 cnT') [35]. The crossing of the S, and S, states can bring about the energy ban·ier as high 

as 1.2 x 10' em·• . As regards the photoisomerization reaction of stilbene, both adiabatic and 

nonadiabatic mechanisms have been proposed from a theoretical point of view [74, 75, 77), 

and a Jot of extensive experimental studies do not unanimously support one mechanism [26. 

64, 72. 78). In the case of retinal in nonpolar solvents, potential energy surfaces of the ground 

and excited states have not yet been ca lculated in detaiL At least the elucidation of p* 

electronic character is necessary to fully exp.lain the all-trans --? l 3-cis-9-cis isomerization 

mechanism of retinal in the singlet states. 

There is one clue to elucidate p* electronic character in the present results ; the p* 

lifetime, 7.2 ± 2 ps. It has been assumed in the i omerizarion scheme that p* decay. 
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exclusively lO the perpendicular ground state, p, and thi assumption has been strongly 

supported by the agreement of the i omerization quamum yields. Then, the p* lifetime is 

determined exclusively by the p* ~ p conversion rate . Since p is on the ground-state 

potential energy surface, the electronic character of p is regarded as A, in a very approximate 

meaning. It is very unlikely that p* is of {n, 7t*) character because of the following two 

reasons: One is that neither S, (n , Jt*) ~ p* nor p* ~ T, (7t, n*) conversion process has been 

observed in the present study. Both of the processes should exist if p* is of (n, 7t*) character. 

The other is that it is unlikely tbat an (n, n*) state takes pan in a double-bond isomerization 

reaction. s ince an n ~ n* transition is presumed to be localized lO a certain extent in the 

carbonyl group. ln fact, an isomerization reaction where an (n, 1t*) state participates has never 

been reported so far to the best of my knowledge, and it has been clarified in this study tbat 

the S, all-trans isomer of (n, 1t*) character does not really take part in the all -trans~ 13-

cis·9-cis isomerization. If p* i~ approximately of A; (7t, n*) character, the p* ~ p decay 

process is internal convers ion between e lectronic singlet states of the same character. Since 

nonadiabatic radiation less transitions are induced by vibronic perturbations, the p* ~ p 

process i '·forbidden" and may be slow though it is difficult to estimate iL~ rate [76]. The 

time scale of the " forbidden" p* ~ p process is probably too slow for sti lbene [26], but may 

be in an acceptable range for tetraphenylethylene (3 ns) [67] , stiff sti lbene ( 10 ps) [65] , and 

retinal in thi s study (7 ps). lf p* i identified with a minimum on the B; (7t, 1t*) state surface, 

the time scale of the p* ~ p conversion may be much faster. In the cis ~ trans 

photoisomerization reactions of rhodopsin and isorhodopsin, internal conversion processes 

between electronic singlet states of different characters take only hundreds of femtoseconds 

or less than a few picoseconds [79-82]. However, a larger energy gap between p* and p can 

make the nonadiabatic p* ~ p conversion rate smaller f76] . ln the present case, the energy 

gap between p* and pis not known at a.! I. The assignment of p* to B; (7t, 1t*) character does 

not connict with the 7-ps lifetime of the p* state. 

Though we have obtained the activation energy of the isomerization and the Lifetime 

of the perpendicular intermediate, these data are sti ll not sufficient to unequivocally 

determine the origin of the energy barrier and p* electronic character. Further theoretical and 

experimental efforts will be necessary to understand fully the all-trans ~ 13-ci ··9-cis 

isomerization mechanism of retinal. 

3-1-5. Summary 

The excited-state dynamics and the photoisomerization reactions of the retinal 

isomers in aerated nonpolar solvents were studied by using femro. econd time-resolved UV

VIS absorption spectroscopy. 

Four transient species ($
3
, S

2
, s,. T

1
) were found in the time-resolved YlS spectra of 
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all-trans retinal. The corre pondence between the S, decay and the S, rise and that between 

the S, decay and the T, rise were simultaneously confirmed. On the assumption that S, is of 

B,- (rr, rr*) charac ter. S, and S , were characterized as A, (rr, rr*) and (n , rr*) respectively. The 

relaxation sequence and the excited-state lifetimes of 9-cis retinal were found to be nearly 

identical wilh tho e of the all-trans isomer. As regards 13-cis retinal , Lhe kine6cs data of the S 

- S and T" f- T , absorption di sti nct from those of the all-trans and 9-cis isomers were 

obtained. On the basis of the comparison of the time-resolved VIS spectra of these three 

isomers, the possible maximum quantum yields of the all -trans -'1 13-cis·9-cis and 9-cis -'1 

all-trans isomerization reactions that complete in the excited singlet. manifold were estimated 

to be sufficiently lower than the known quantum yields . ln other words, the femtosecond VlS 

data did not provide any evidence for an isomerization reaction complete in the excited 

singlet states. 

The femtosecond UV spectra of all-tmns retinal were successfully analyzed in terms 

of an isomerization scheme involving a perpendicu lar excited singlet state, p* The p* 

lifetime was found to be 7.2 ± 2 ps and was much longer than the S, and S, lifetimes but was 

shorter than the s, lifetime. It is proposed that the precursor of p* is most likely the S, state. 

The S, state does not take part in the i omerization reaction. The quantum yield values of the 

all-trans -'1 l3-cis·9-c is i omerization in the temperature range 269 K- 298 K obtained from 

the femtosecond UV data were in good agreement with the reported values measured by 

HPLC. The S , quantum yields obtained from the femtosecond UV absorption data by way of 

the two independent methods were also in good agreement. The quantum yield derived on the 

bas is of the present isomerization scheme from the nanosecond UV spectra was also in 

agreement with the reported values. All these agreements present evidence in favor of the 

propo ed isomerization scheme. The height of the energy barrier on the way from S, to p* 

was roughly estimated as (1.2 ± 0.6) x 10' em·', but it is still not clear whether it is proper to 

apply the transition state theory to such ultrafast reactions. The origin of the activation energy 

barrier has been discussed in tem1s of the electronic character of the S,, S, , and p* states. The 

detection of the p* UV- VTS absorption band will be useful for securing the proposed reaction 

scheme and further discuss ing the isomerization mechanism. 
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3-2. All-trans retinal in protic solvents 

3-2-1. Introduction 

The electron ic structure and the photochemical properties of retinal strongly depend 

on its surroundings. Especially the propenies of retinal in protic solven ts are quite different 

from those in nonpolaT so lvents because of hydrogen-bonding interactions. The fluorescence 

and isomerization quantum yields of a ll -t rans retina l generally increases on H-bond 

fom1ation, whereas the triplet quantum yield decreases. The fluorescence quantum yield 1/!F 

of all-trans retinal in hexane or 3-methylpentane bas been reported to be about 1 0" or less 

[29, 36, 43]. while 1/Jp in alcohol or acid solutions is much higher and the fluorescence is 

easily detected [83, 84]. The triplet quantum yield 1/J,. of all-trans retinal in nonpolar solvents 

has been reponed to be a. high as 0.4-0.7 [13-161 and was determined to be 0.74 by way of 

femto econd time-resolved UV absorption spectroscopy in the previous section, while 1/Jr in 

alcohol so lutions is about 0.1 or less [ IS, 16]. 

The solven t dependence of 1/JF and 1/Jr has been qui te often ascribed to a change in 

the state order upon H-bond formation [29, 36-38]: It seems that the notion that t.he lowest 

excited singlet (n, 1t*) state brings about low ¢F and high ¢,. in nonpolar solvents while high 

1/J,. and low 1/J,. in protic solvents is caused by the lowe t excited singlet (1t, 1t*) state has 

been generally accepted. In fact , it is consistent that an electron sp in echo experiment has 

revealed T
1 

aJI-tran retinal to be of (1t, 1t*) character [61]. However, no direct concrete 

ev idence for the singlet state order change upon H-bond formation in all-trans retinal has 

been given so far. Takemura et al. confirmed H-bond formation between all-trans retinal and 

phenol, but the grounds they presented for concluding t.he state order change or a strong 

solvent -induced mixing of the energy levels (n, 1t*) and ( 7t, 1t*) were nothing but the ¢F 

increase and the 1/J,. decrease on H-bond formation [29]. Papani.kolas et al. performed 

stationary spectroscopy of all-trans decatet.raenal which is one of the model molecules of all

trans retinal . They found difference between the absorption and fluore cence excitation 

spectra of decatetraenal in ethanol/methanol gla s, and they ascribed the difference to the 

existence of fluorescent H-bonded species and nonfluorescent free pecies. In their 

discussion, it was assumed a priori that the 1/JF increase on H-bond formation was brought 

about by the state order change along a proton transfer coordinate [38]. Alex et al. concluded 

in the similar way that ¢F was determined by the state order [37]. One major point to 

remember at this stage is the fact that an excited state which fluorescence originates from is 

not always the S
1 
state. In addition, a criterion to judge whether fluore cent or nonfluorescent 

is always equivocal. For example, ¢F of all-trailS retinal in methanol has been reported to be 

as small as 4 x 10 ' [ 16], but its laser-excited fluorescence can be easily observed by eye. 
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Though all-trans retinal in methanol can be regarded as fluorescent, such a smal l 1/JF value 

does not necessitate a one-photon allowed state as the lowest excited s inglet state. In general, 

stationary spect roscopy which either provides an exact ¢,.. value or enables comparison 

between absorption and fluorescence exci tatio n spectra does not g ive enough data to 

determine a state order. 

Time-resolved spectroscopy, on the other hand , reveal s excited-stated relaxation 

dynamks and lifetimes which are essenti al in considering a state order and an e lectronic 

structure. As regards free all- trans retinal in nonpolar so lvents, femtosecond time-resolved 

fluorescence up-conversion spectroscopy has revealed the s, sta te to be of s; (n, 1t*) 

character [43], and the relaxation sequence in the excited singlet manifold has been clarified 

by femtosecond time-resolved UV-V IS absorption spectroscopy in the prev ious section of 

this thesi .. On the basis of rhese results, it was concluded that the most tenable assignments 

fo r the S, and S, states of free all-tran retinal are to A, (7t, 1t*) and (n, 7t*), respectively. On 

the other hand , onl y a very few time-resolved spectroscopic studies of H-bonded retinal in 

protic solvents have been performed so far. Dawson and Abrahamson measured the methanol 

concentration dependence of the T , li fetime of all - trans retinal and determined the 

equilibrium constant between the free and H-bonded spec ies of T , all -trans ret inal in their 

pioneering f1a5h illum.ination study j'48]. Hamaguchi et a!. showed that the Raman spectra of 

the T , a ll - trans and 9-cis isomers in methano l were nearly identical with each other and 

similar to those in hexane [28]. These two studies have proved that the photoexcitation of all

trans retinal in alcohol so lvents affords the T , species in the all-trans configuration . Larson et 

a!. reported the femtosecond time- resolved absorption data of all -t rans retinal in ethanol for 

the ftrsl time [42J . Although they did not present any transient spectrum. they observed the 

excited-state absorption inc luding not onl y the triplet but also singlet states, the sti mulated 

e mi ssio n ga in , and the ground-state bleaching. They a lso re po n ed the time-resolved 

absorption data upon two- photon excitation in the same paper and obse rved the s inglet 

excited-state ab orpti on. Unfortunately, they concluded that the S, state of all-trans retinal in 

ethanol wa · of A; (7t, 1t*) character without any experimental grounds. The kinetics model 

they proposed seems very unlikely since a stale with a 1.8 ps lifetime is located energetically 

above a state with a subpicosecond lifetime. It is almost impossible to search in their results 

for reasons w hy they located the B; (7t, n*) and (n, n*) tales energe tically above the A, (n , 

n*) state. ll is asserted here that the state order change upon H-bond formation has not yet 

been experimentally proved. 

The quantum yields and the product distribution of the retinal photoisomerization 

also depe nd on so lvenrs. The photoexcitation of free all- trans retinal in aerated nonpolar 

so lvents at room temperature affords the 13-cis and 9-c is isomers of which the quantum 

yields ( ¢(;" and tJ>t'" ) are about O.l and 0.02 respectively, while that of H-bonded all-trans 
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retinal in aerated alcohol olvents gives not only the 13-cis and 9-cis isomers but also the I l

eis isomer with the quantum yie ld (¢,'["""") lower than t/>:~""'"1 but higher than ¢~11'""" [17, 45]. 

Furthermore ¢,'.:'"""' is abo ut twice as large as ¢{,"'. Deckert et al. recently explained 

qualitatively the solvent dependence of the all-trans-? mono-cis photo isomerization quantum 

yields [85], hut an isome.rization reaction pathway in protic solvents has not yet been clarified 

at all. 

The purpose of this sechon 3-2 is to study the excited-state dynamics of all-trans 

retinal in protic so lvents: chemical eq uilibri a between free and H-bonded species in the 

excited singlet and triplet states, the excited singlet electronic structure of H-bonded species. 

and the isomerization mechanism . In Sect. 3-2-3, the femtosecond time-resolved VIS 

absorption . pectra of aU-trans retinal in mixed solvents of !-butanol and cyclobexane are 

presented . The addition of 1-butaool was accompanied with the appearance of timulated 

emission gain signals which were ascribed not to the s, state but to the S, state. No evidence 

for the state order change of (7t, Jt*) and (n, n*) states upon H-bond fom1ation was found. The 

linear-combination fitting analyses of the excited-state absorption and gain bands indicated 

that free and H-bonded species coexist in the s, and T , states, while no free species exists in 

the s , a nd s, states. No conc lu sion has been reached for the all-trans -? mono-cis 

isomerization reaction pathway in H-bonding solvents. However, it was confirmed that the 

longer lifetime of the H-bonded s, species is consistent with the higher isomerization 

quantum yield than in nonpolar solvents. 

3-2-2. Experimental 

3-2-2-1. Materials 

Cyclohexane and 1-butano.l were purchased from Wako Chemical Co. and used as 

received. No precautions were taken to dry these solvents. All the solvents were aerated. 

Commercial all -trans retinal (Sigma Chemical Co.) was used without further purification. 

Retinal samples were analyzed for isomeric composition a~ explained in Sect. 3-l-2-1. The 

same criterion of isomeric composition as in Sect. 3-1-2-l was satisfied throughout the study. 

The stationary UV-VIS absorption spectra of ;til-trans retinal in mixed solvents of 

cyclohexane and !-butanol were measured at room temperature by using a commercial UY

VlS specu·ometer (HITACHI, U-3500) in order to investigate the H-bonding equilibrium in 

the ground stale. The concentration of !-butanol was varied from 0 to 8.56 mol dm·', while 

that of all-trans retinal was fixed at 1.7 x JO·' mol dm·'. All the seven spectra are shown in 

Fig. 3-23. When the !-bu tanol concentration is between 0 and 3.06 mol dm·•, an isosbestic 

point is clearly seen at wavelength 380.6 nm. Accordingly, it is concluded that two species 

are equilibrated in the mixed solvent of cyclohexane and 1-butanol in this concentration 
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range. One is definitely free all-trans retinal, 

and it is highly likely that the other is the I: I 

H-bonded complex of aU-trans ret.inal and I

butanol. In the higher-concentration region , 

the absorption spectra do not inter ect the ~ 

low-concentration spectra at the isosbestic j 
point. This kind of deviation has been also 

repo rted by Das and Hug who used 

I , I , I ,3,3,3-hexa.fluoro-2-propanol (HHP) 

instead of !-butanol [83] . They proposed 

formation of another species such as a l :n (n 

> I ) H-bonded complex or a protonated 

form. However it is also possible to ascribe 

the su perfluous red shift of the absorption 

bands in the ltigher-concentration region to a 

o.a.,------,----,-
0" 

0.6 

OA 

wavelength / nm 

Fig. 3~23 Ground~statc absorption spectra of all-trans retinal 
in the mixed solvents of !·butanol and cyclohcxanc. 
The 1-buwnol conccmr.mions are indicated as a legend in the 
figure. 

solvent-environmental effect [86]. In any ca e, the deviation is so small that all the mixed-

solvent absorption spectra were well fitted with a linear combinat ion of two basis spectra: 

One was the spectrum in neat cyclohexane and the other was that in the mixed solvent of the 

3.05-mol dm' !-butanol concentration. The former spectrum (Basis I ) is ascribed to only free 

all-trans retinal , but the latter (Basis 2) is contributed to by not only the H-bonded species but 

also the free species even with such a high !-butanol concentration. It is because .!-butanol is 

a weak H-bonder in contrast with acid solvents such as phenol and HFIP [29, 83]. The linear

combination fitting procedure yie.lded the coefficient of Basis I ( c1 ) and that of Basis 2 ( c2 ) 

for each mixed-solvent spectrum. The isosbestic point guarantees the condition c1 + c2 = l 

for the low-concentration spectra. The we!J-known Benesi-Hildebrand method [87] .is 

modified to afford the fo llowing equation: 

(3-25) 

where a is the ratio of [H-bonded retinal]to the sum of [H-bonded retinal] and [free retinal ] 

(i.e. the total retina l concentration) in the mixed solvent of which [ !-butanol] is equal to 3.05 

mol dm-' . K .is the equi librium constant given by [H-bonded retinal] ·[free retinal]-' ·[l-

butano!J', and C i [! -butanol]. The linear relation between c2 _ , and c-' shown in Fig. 3-24 

gave the following results: a = 0.84, K = 1.2 dm mol '. lf a stronger H-bonder is used 

instead of !-butanol, K becomes larger and a approaches unity. The tendency of the 

Benesi-Hildebrand-plot deviat.ion from linearity in the high-concentration region is the same 

as that reported by Das and Hug (i.e. bend downwards) [83]. There may also exist effect of 
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self-associaLion of alcohols [88]. Self-as . ociation 

effectively reduces [!-butanol] which is available to 

form an H-bonding complex [38] , and is expected 

~·w---~----.---,---.----~ 

Benesi-HIIdebrand plol 

to bend the r,-·- c-• plot upwards in the hi gh

concentration region. The moderate linearity in the -.,. , 5 

low-concentra ti on regio n ind ica tes th at se lf-

assoc.iation is not so effective in this region. Tt has 

been reported that st ronger H-bonde rs such as 

phenol (pK, 10), HFIP, and methanol (pK, 15) make 

H-bonded all -trans re tinal with much larger K 

values of 6 x 10' dm' mol ' [29] , 4 x 10' dm' mol·' 

[83 ], and 7 dm' mol ' [48], respectively. 

1,0 

o.so!.f.o:----,o:l:,,:----,,"::_o-----::,_':-,------:1,:-o --~2.5 

Fig. 3-24 Bcnesi-Hildcbrand plol based on lhc 
linear-combinalion fill ing of the absorption spectra 
in Fig. 3-23 (sec ICXI). 

3-2-2-2. Femtosecond time-resolved VIS absorption spectroscopy 

The femtosecond time-resolved VIS absorption spectra of all-trans retinal in mixed 

solvents of cyclohexane and !-butanol were measured by using the spectro meter described in 

Chap. 2. All the solvents were of HPLC grade. The !-butanol concentration was set at eleven 

different va lues ofO, 1.78, 3.06, 4.0 1, 4.76, 5.35, 5.94, 6.69, 7.64, 8.92, and 10.7 mol dm ' . 

The last concentration value corresponds to neat !-butanol. All the solutions had the same 

retinal concemraLion (2 x I O·' mol dm') and the same volume (0.2 dm' ). The temperature of 

the o lut ion j ust e mitt ed from the je t nozzl e was 293 ± 2 K. The pump pu.l se was 

characterized as fo llows: center wavelength, 400 nm; pulse energy, 5 ~;exc itati on density, 2 

x 10 J m ' · The pulse energy of the VIS wide-band probe pulse was less than 0. I J.l]. In a set 

of time-resolved spectra, there were 96 time-delay points from -4 ps to 120 ps. The exposure 

time of the CCD was I s, and the number of the exposures at each time delay point was 10. 

Chirp correction described in Sect. 2-2-3-3 was perfonned to obtain the fmaJ time-resolved 

spectra. 

3-2-3. Results and Discussion 

3-2-3-1. Salient features of spectra 

Tn Fig. 3-25 (a) - (d). the four sets of several representative femto econd time

resolved VIS absorption pectra of all-Lrans retinal in the mixed solvents of cyclohexane and 

!-butanol are shown. The !-butanol concentration values are (a) 0, (b) 1.78, (c) 5.35, and (d) 

10.7 mol dnr ' , respect ive ly. ln these fignres, positi ve signals generally correspond to 

transition from exci ted states to higher excited states, and negat.ive signals correspond to 

ground-state bleaching. a stimulated emission gain, a Raman gain, and so on. 
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The time-resolved spectra of al l-trans retinal in neat 

cyclohexane (Fig. 3-25 (a)) are nearly identical with those in 

hexane (Fig. 3-2). Therefore, on the basis of the kinetics 

analysis i.n Sect. 3- 1-3 -1 , rough ass ignmen ts can be 

performed for the free all-trans spectra in cyclohexane (Fig. 

3-25 (a)). The absorp ti on band aro und 600 nm in the 

spectrum at -0.2 ps is ascribed to !he S, state which decays 

within the present lime resolution. The broad absorption 

spectrum in the wavelength range 450 nm - 650 nm at 0.2 ps 

- 0.6 ps is ascribed to the s, state of which the lifetime was 

determined to be 0.7 ps in Sect. 3-1-3- 1. The intense band of 

which the peak wavelength is 445 nm at 40 ps - 100 ps is 

assigned to the T, state. Al l these transient species are of the 

free (i.e. no H-bond) all-trans isomer. 

As shown in Sect. 3-2-2-1, the free and H-bonded S0 

specie s are eq uilibrated in the protic so lv e nts, a nd 

acco rdingly bolh of the S
0 

species are photoexcited by the 

400-nm pump pulses. In Fig. 3-25 (b), an absorption band in 
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resolved VIS <tbsorption spectra of 
all-tran~ retinal in the tmxcd solvem 
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Fig. 3-25 (c) Femtosecond time
resolved V IS absorption spectra of 
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550 nm - 600 nm at -0.2 ps appear fir t. Tllis band is tentatively assigned to the S,. ~ S, 

absorption band because of the correspondence between Fig. 3-25 (a) and (b). After the S, 

state decays very fast , an intense absorption band around 550 nm is observed in the pectra at 

0.2 ps - 0.6 ps. The correspondence presumably allows a ten tative assignment of this band to 

the S
2 

state . The S, ~ S, absorption band is accompanied with negative signals in the 

wavelength ranges 400 nm - 430 nm and 620 nm - 800 nm. In the former wavelength range, 

the ground-state bleaching may contribute to the negative signals, si nce the ground-state 

absorption exists there as shown in Fig. 3-23. However, those in the latter range are definitely 

asc ribed so lely to a stimulated emission gai n, since there is no ground-state absorption in 

such a long wavelengU1 range. The fact that a tirnuJated emission gain is brougbt about by 

the addition of !-butanol is consistent with the fact that 1/>F i far larger i.o protic solvents than 

in nonpolar solvents. At 40 ps- 100 ps, a weak absorption band is observed around 450 nm. 

This ab orption band is ascribed to the T, state. The red shift of the T, ~ T, absorption band 

upon H-bond formation has been well-known [ 15 , 48, 83]. The addition of I -butanol caused 

the decrease of the T, ~ T, absorbance. Tt presumably corresponds to the fact that 1/>r is 

smaller in protic so lvents than in nonpolar solvents. The time-resolved spectra in Fig. 3-25 (c) 

and (d) have s imilar features to those in Fig. 3-25 (b). The increase of the !-butanol 

coucentration brings about the blue shift of the S, ~ s, absorption band at 0.4 ps (550 nm ~ 

540 nm) and the red shift of the T, ~ T, absorption band at 

100 ps (450 nm ~ 460 nm). Note that with an increase in the 

!- butanol conce ntration , the inte ns ity o f the stimulated 

em is. ion gai n band increases whi le the T, ~ T, absorbance 

becomes smaller. 

3-2-3-2. Kinetics analysis 

The rise time constant of T, was estimated by fitting 

the time-delay dependence of the absorbance at 450 ± 2.5 nm 

wi th exponenti al functions as shown in Fig. 3-26 (a) - (d). As 

regards all -trans reti nal in neat cyc lohexane (Fig. 3-26 (a)), 

two time constants, 0.7 ps and 30 ps, were obtained of which 

the latter is the T, rise time constant. It is quite natural that 

these va lues ag ree with the result s of all -trans re tin al in 

hexane in Sect. 3- 1-3-1. The former value corresponds to the 

s, lifet ime. When !-butanol is added, the fitting results of Fig. 

3-26 (b) - (d) unanimously show that the T, rise time constant 

is about 20 ps (20 ps - 22 ps). This time constant is definitely 
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shorter than that of !be free species (30 ps). In addition, two components were found: One is a 

2-p decay (2.1 ps - 2.5 ps) , and the other is a 0.1-ps rise (0. 12 p. - 0.18 ps). Both of these 

two components become more distinct with an increase in the !-butanol concentration, while 

the T , rise becomes les. prominent. 

The time-delay dependence of the absorbance at 541 ± 2.5 nm where the S, t- S, 

absorption i. dominant was analyzed in the sim ilar way as shown in Fig. 3-27 (a) -(d). In the 

case of al l-trans retinal in the protic solvents ((b)- (d)) , a 2-ps decay ( 1.7 ps- 2.0 ps) as well 

as a subpicosecond decay (0.3 ps- 0.4 ps) were identified. The former decay time constant, 2 

ps , is approx imately regarded as the S, lifetime, and the latter presumably corresponds to the 

S, decay. The S, a.nd s, lifetimes in the protic solvents appear to be longer than those in neat 

cyclohexane (Fig. 3-27 (a)) . 
In Fig. 3-28 (a) - (d) , the time-delay dependence of the absorbance at 603 ± 2.5 om 

where the S, t- s, absorption is dominant are shown along with the fitting results. Two decay 

components were found in the protic solvents data ((b) - (d)) . One ranged from l .2 ps to 2.7 

ps, and the other was about 0.3 ps. Though the former time constants do not exactly coincide 

wiLI1 those at 541 nm (Fig. 3-27 (b)- (d)), they can be roughly assigned to the S, state. The 

latter 0.3-ps component is presumed to correspond to the s, state. 

In Fig. 3-29 (a) - (d), the time-delay dependence of the absorbance at 679 ± 2.5 nm 

F'ig. 3-27 Transient absorbance of 
all-truns rcunal at 541 nm. 
The !-butanol concentratiOns and 
expqnenti al time constam sare 
indicnted as legends. 

j 

Fig. 3-28 Transient absorbance of 
all-trans retinal at 603 nm. 
The !-butanol concenLraliom; and 
cxponenlial time con~taots <1rc 
indicated as legends. 
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Fig. 3-29 Trans ient absorbance of 
ali -Lrans ret.inal at 679 nm. 
The 1-buuwol concc.utrations and 
exponential time ~;on ~ tant s are 
indi1.."3ted as legends. 



where the st imulated emission gain is dominant in the protic solvents data are shown along 

with the filling results . The decay time constants of the stimulated emission gain which 

ranged from I. 7 ps to 2.2 ps approximately agree with the S, lifetime obtained at 541 nm 

(Fig. 3-27 (b) - (d)). Therefore, the stimulated emission ga in is ascribed to the S, ~ S, 

transition. The decay time constants of the ultrafast positive signals in Fig. 3-29 (b) and (c) 

were 0.07 ps and 0.13 ps respectively. These are shorter than the Lime constants of the fastest 

components at 603 nm and 541 nm (Fig. 3-27, 28) bur nearly equal to those at 450 nm (Fig. 

3-26). 

Since the time constants at different wavelengths do not exactly coincide with each 

other in Fig. 3-26 - 29, it is difficult to determine the excited-state lifetimes conclusively in 

each protic solvent. However, approximate time ranges where the lifetimes are located can be 

determined as follows: First of all , the T
1 

rise time constant in the protic solvents is about 20 

ps which is almost independent of the !-butanol concentration, wttile that in neat cyclohexane 

is about 30 ps. lt is highly likely that the precursor ofT, in the protic solvents is an excited 

inglet state as in the case of the free specie in nonpolar solvents. Accordingly an excited 

singlet sTate of which the lifetime is about 20 ps has to exist in the protic solvents. Secondly, 

the decay time constant of the S, ~ s , absorption and the S, ~ S, gain in the protic solvents 

is about 2 ps which seems to become slightly shorter with an increase in the !-butanol 

concentration. It is affinned that the S
1 

state is a one-photon al lowed fluorescent state because 

of the existence of the stimulated emission gain. Lastly, the s , decay time constant in the 

protic solven ts is about 0.3 ps or shorter but probably longer than that of the freeS, species. 

Though the above lifetimes are only approximate, it is impossible to assign the 

excited singlet state of which the lifetime is about 20 ps, that is, the precursor of the T, late, 

to the S, or S, state. A much more tenable assignment for the 20-ps singlet state is to the S, 

state. It is generally accepted that an electronic state of a longer lifetime is located 

energetically below a state of a shorter lifetime. Otherwise a longer-lifetime state decays to a 

shorter-lifetime state and it will be almo. t impossi ble to observe the shorter lifetime. 

Therefore it is concluded that the S , lifetime in the protic solvents is about 20 ps. 

Unfortunately the S, ~ S, absorbance of the free species is weak in the VIS wavelength 

region (400- 800 nm) as shown in Sect. 3-1-3-1, and noS, ~ s , absorption peak was found 

in the protic solvents data (Fig. 3-25 (b) - (d)). No stimulated emission gain of which tJ1e 

lifetime is about 20 ps was found. This fact su·ongly suggests that S, is not a fluorescence 

source in the protic solvents. Furthermore, the T, precur or is stills , as in the case of ttte free 

species in nonpolar so lvents. The free T, all-trans isomer is of (n:, n:*) character (61]. Jt was 

concluded in Sect. 3-1 that the free S, state is of (n , n:*) character. On the assumption that T, 

remains a (n:, n:*) state on H-bond formation between retinal and !-butanol, it is probable that 

82 



the S, state in the protic solvents also remains an (n, n*) state. In fact, it is very unlikely that 

either s , or S, is of (n, n * ) character, because tbe S, state showed tbe stimulated emission gain 

and the S, state is deemed to be directly generated by the photoexcitation. Therefore it is 

concluded that the S, :tate in the protic solvents is of (n, n:*) character. 

ll seems that the meaning of the symbols A, and B, is much more approximate in the 

protic solvents than in nonpolar olvents. because both S, and S, are deemed to be one-photon 

allowed. It is inferred that a mixing of A; and B; (7t, n:*) states is induced by H-bonding 

interactions ins, and S,. In oonpolar solvents. the radiative lifetime of the S, B; (7t, n:*) state 

has been estimated at 3 ns which is about fourty times shoner than that of the S, A; (1t, n:*) 

state [43]. In the protic solven ts, on the other hand, it is likely that both S, and S, have 

comparable radiative lifetimes. Otherwise the s , --? S, st imulated emission gain can not be 

ob. erved. The ground-state absorption spectra (Fig. 3-23) show that the radiative lifetime of 

U1e S, and S, slates in the protic olvents is comparable to that of S, in nonpo.lar solvent. 

Unfortunately the ratio of the initial population of S, prepared by the pbotoexcitation to that 

of S, can not be estimated from the present results because of the insufficient time resolution. 

As regards the s, state. 20 - 30 times shortening of the radiative lifetime and 3 - 4 times 

lengthening of the lifetime on the addition of 1-butanol causes roughly a hundred times larger 

¢F value. It is thus realized that the state order change of the (1t, n*) and (n, n*) states is not 

necessary at all to account for the ¢, increase upon H-bond formation. It is concluded that S, 

and s, in the protic solvents are both one-photon allowed (1!, n*) states. 

The fact that the s , lifetime is about three times longer in the protic solvents than in 

nonpolar solvents is consi ·tent with the increase of tbe all-trans --? mono-cis isomerization 

quantum yie ld on H-bond formation. It has been reported that the total quantum yield in 

ethanol is about 2 - 3 times higher than in nonpolar solvents [17]. In Sect. 3- 1, it has been 

shown t.hat the all-trans --? mono-cis isomerization reaction in aerated nonpo lar so lvents 

proceeds most probably from the S, state by way of a perpendicular excited singlet state (p*). 

On the assumption that the s, --7 p* conversion rate remai.ns unchanged upon H-bond 

f01mation, the S, li fetime lengthening corresponds well to the quantum-yield increase. 

3-2-3-3. Equilibrium between H-bonded and free retinal 

As regards the ground state, free and H-bonded all-trans retinal are equilibrated not 

only in the mixed solvents but also in neat !-butanol as shown in Sect. 3-2-2- 1. A Franck

Condon excited state prepared by tile pbotoexcitation has the same atomic configuration as 

the ground state. The s, state of which tbe lifetime is shorter than about 0.3 ps can be 

approximately regarded as a Franck-Condon state. Therefore it is expected that free and H-
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bonded species coexist also in the S, state. In Fig. 3-30 (a)- (d), the time-resolved absorption 

spectra of all-tran retinal at -0.2 ps are shown. The ! ~butanol concentration val ues are (a) 0, 

(b) 1.78, (c) 5.35, and (d) 10.7 mol dm·' respectively. At -0.2 ps, the S, r S, absorption band 

is predominant, and it is presumably unnecessary to take any S, contribution into account, 

because no negative signal of the stimulated emiss ion gain is seen in the wavelength range 

620 nm - 800 nm. The mixed-solvents, spectra (Fig. 3-30 (b), (c)) were fitted with a linear 

combination of the two neat solvent S, spectra ((a), (d )). The fitting results are together 

shown there. The mixed-solvent S, spectra are well reproduced by the Linear-combination 

fitting spectra. The tltting of al l the other seven mixed-solvents, spectra were also successful 

to the same extent. h means that the mixed-solventS, spectra are composed of two species. 

One is definitely the free s, all-trans isomer, and the other is probably the I: 1 H-bonded s, 
all -trans isomer which is presumed to have nearly the same atomk configuration as the I: 1 

H-bonded S., state. Since the S, lifetime is ultrashort, it is pertinent to conclude that the free 
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Fig. 3-31 Tim e-reso lved VIS 
absorption spectra of all-trans rclinal 
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and H-bonded species in the S, state are in coexistence rather than equilibrated. Strictly 

speaking, all-trans retinal in the mixed so lvent cannot be regarded as a two-component 

system when the l-butanol concentration is higher than about 4 mol dm3 as shown in the 

previous section. However the present linear-combination fitting analysis is not accurate 

enough to assume more tha11 two species. The above concl usion that the free and I: I H

bonded species in the S, state are in coexistence does not necessarily exclude ll1e possibility 

of another minor species. 

The time-resolved absorption spectra of all-trans retinal at 0.4 ps are shown in Fig. 

3-31 (a) - (d): [ 1-butanol) is (a) 0, (b) 1.78, (c) 5.35, and (d) 10.7 mol dm 3 respectively. At 

0.4 ps, the s .. f- s, absorption band is predominant in these pectra. The fitting of the mixed

solvents, specu·a (( b). (c)) with a linear combination of the two neat-solventS, spectra ((a), 

(d)) resulted in failure as shown togeth r . .In fact, it turned out that the S, pectrum (a) in neat 

cyclohexane was useless for the linear-combination fiiting. Therefore it is likely that no free 

S, species exist in the protic solvents. tn Fig. 3-3 1 (c), another fitting result using a linear 

combination of the spectra (b) and (d) is shown together. Not only the spectrum (c) but also 

the other seven mixed-solvent spectra were well reproduced by the fitting with a linear 

combination of the spectra (b) and (d). It suggest that two different H-bonded S, species are 

in coexiste11ce or equ ilibrated in the prolic solvents. They could be I: I and I :2 H-bonded 

complexes of all-trans retinal and l -butanoL Since the spectra (b) and (d) are not greatly 

different. it is also pre. umably possible to ascribe the difference to not the multiple H-bonded 

. pecies but a so lvent environmental effect [86]. However at least no cOlltri"bution of free 

specie. to the s , spec tra in the protic solvents is possible. Though the idea of I : I and 1:2 H

bonded complexes is only speculative, it bas to be emphasized that ali the retinal molecules 

are H-bonded in the s , state at 0.4 ps. All-trans retinal appears to be a stronger ba e in the S, 

state than in the ground state. Since the free and H-bonded species coexist in the S, state at -

0.2 ps. it is deduced that the H-bond formation during or after the S , -? S, internal conversion 

process is complete wi thin a few hundred femtoseconds or less . 

Since the S .. f- s , absorption band in nonpolar so lvents is relatively weak and that in 

the protic solvents is not distinct, the satne linear-combination fitting procedure as above i 

not effective for the S, state. The S, lifetime in nonpo lar solvents was determined to be 32 ± 2 

ps by way of the SVD analysis in Sect. 3- 1-3-1 and 30 ps in the simple fitting analysis of Fig. 

3-26 (a). The absence of a 30-ps- 32-ps component in the protic solvents data in Fig. 3-26-

29 strongly suggests that there is no free S, all-trans isomer in the protic solvents. lt is 

probable that the T, rise time constant or the s, lifetime in the protic so lvents which wa. 

estimated at 20 ps in Fig. 3-26 (b) - (d) is ascribed so lely 10 H-bonded species. It is not clear 

whether multiple H-bonded complexes in S1 exist or not. 

In Fig. 3-32 (a)- (d). the time-resolved absorption spectra of all-trans retinal at 100 
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p · are ·hown: [! -butanol) is (a) 0, (b) 1.78, (c) 5.35, and (d) 10.7 mol dm·' respectively. At 

I 00 ps, the T, f.- T, absorption band is predominant in these spectra. The mixed-solvent T, 

spectra (Fig. 3-32 (b), (c)) were fitted with a linear combination of the two neat-solvent T, 

spectra ((a), (d)), and the fitting results are together shown there. The mixed-solvent T , 

·pectra are well reproduced by the linear-combination fitting spectra. The fttting of all the 

other seven mixed-solvent T
1 

spectra resulted in success to the same extent. Therefore it ls 

concluded U1 at Lhe mixed-solvent T
1 

spectra are composed of two species : One is definitely 

the free T , all -trans isomer, and the other is probably the I: I !·!-bonded T, all-trans isomer. 

The precursor of the T , state in the protic solvents is probably the H-bonded S, spec.ies. The 

appearance of the free T , species at I 00 p means that H-bond breakage takes place during or 

after the s, ---? T , intersystem crossing process. It turned out through the fitting procedures 

that all the mixed-solvent T, f- T , absorption bands at 40 ps - 90 ps were well reproduced by 

using nearly the same linear-combjnation coefficients as those at I 00 ps. Trus means that the 

H.-bond formation and breakage reaction rates are much .larger than the reciprocaJ of the T , 

formation time. The T , lifetime is naturally much longer than the reciprocals of the H-bond 

formation and breakage reaction rates. Then, it is concluded that the free and H.-bonded T , 

species are fully equilibrated in the protic solvents at 40 ps- 100 ps. 

Finally, it is noted that the above conclusions are against those of Das and Hug [83]. 

They performed stationary UV- VlS absorption and fluorescence spectroscopy and 

nanosecond time-resolved VlS absorption spectroscopy of aJJ-trans retina! in mixed solvents 

of HFfP and cyclohexane. They observed a transiem absorbance decrease at wavelength 445 

nm and a corresponding increase at 480 nm in the nanosecond Lime region. Note that the T, 

f- T , absorption band shifts to the red side ou H-bond formation . They concluded that H

bond formation and breakage reactions were slower than the S, decay, and an equilibration 

process between free and H-bonded species took place in the T , state with the time constant 

of a few tens of nanoseconds. The present results and analyses which has shown the ultrafast 

H-bond formation and breakage reactions are not compatible with their conclusions. HFIP is 

a stronger H-bonder than !-butanol, and it is expected that the replacement of !-butanol with 

HFIP makes the H-bond formation rate larger. Then, the difference of the H-bonding strength 

of these two solvents probably does not explrun this incompatibility. However it is possible 

that the incompatibi lity is due to the difference of the H-bonder concentration. In their 

measurements, [HHP] is about a hundred times smaller than [! -butanol) in the present study. 

Such a low H-bonder concentration may bring about a slower H-bond formation reaction. It 

may be also po sible that what they called an H.-bonded complex of all-trans retinal and HFIP 

was actually a protonated fonn, and a proton transfer reaction migbt be much slower. ln any 

case, a time-resolved 1R spectroscopic study will be effective to solve this problem, since the 



C=O stretching frequency is strongly intluenced by H-bond fo rmation and protonalion. 

3-2-4. Conclusions 

Femtosecond Lime-resolved VIS absorption pectroscopy of all-trans retinal in the 

mixed solvent of !-butanol and cyclohexane was performed. Three di. tinct ranges of the 

exponential time constants of H-bonded all-trans retin al were obtained from the mixed

solvents data: First, the shortest time constants were about 0.3 ps or less which correspond to 

the s, stale. Secondly, both the intense absorption band at about 540 run and the stimulated 

emission gain band at 630 run - 800 nm decayed wi th the time constant of I ps- 2 ps. These 

bands were assigned to the S, state. Lastly, the T , rise time constant was about 20 ps. The 

precursor ofT , was identified as the s, (n, n*) state, and the S, and S , s tates were both 

assigned to one-photon allowed (7t, n*) states. No evidence for the state order cbange of (n, 

n*) and (7t, n*) states upon H-bond formation was found. [t was confi.rmed that the free and 

H-bonded species coexist in the S, state. On the contrary, all the retinal molecules were 

presumed to be H-bonded in the S
1 

and s, states. The existence of multiple H-bonded species 

in lbe S, state was suggested. In the T, state. the equilibrium between the free and H-bonded 

species was confirmecl. The present study gives the first example of subpicosecond H-bond 

formation and brealcage reactions. 
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4. Ultrafast vibrational relaxation in terthiophene 

Ultrafast vibrational population redistribution dynamics and subsequent cooling 

proccs cs have been identified and quantified for pho!Ogencrated sl a - lcrthi ophenc in 

solution by using. femtosecond time-resolved absorption/emission spectroscopy combined 

with picosecond time-resolved Raman spectroscopy. The population rcdi ::-. tribution among 

the 5
1 

vibrational level.!-. dominates the dynamics for the first few picoseconds after the 

photocxcitation . The cooling of the solvent-solute system then takes place in the time scale 

of a rcw tens of picosecond. 

4-1. Introduction 

The pathway through which the excess energy flows and di ss ipates from 

photoexcited molecules innuences criticaLly the photophysics and photochemistry in the 

solution phase. lnformation on tllis pathway may be obtained from the observation of the 

vibrational population redistribution tbat foLlows tbe photoexcitation. Since the vibrational 

population redistribution occur in femto-picosecond rime scale in the solution phase, 

ultrafast time-resolved spectroscopies are necessary to identify and quantify tbi s process. 

Recen tly developed femtosecond time-resolved absorption/emis ion spectroscopy have a 

potential to observe the vibrational population redistribution as time-dependem changes of 

the vibrational structure [ 1] . However, the absorption and emission spectra in the solution 

phase tend to be broadened by fast electronic dephasing and are often structureless. This is 

particul.ady tbe case with large organic molecules , for whicb congested vibrational levels 

make the observation of the vibrational structure even more difficult. 

In this chapter, the observation of femto-picosecond time-dependent changes of the 

vibrational structure of the S, ~ S, absorption of a-tertb.iophene in cyclohexane is reported. 

The S, ~ S, absorption spectrum of a-terthiophene hru already been observed by Charra et 

al. with 30-ps time-resolution [2] . Lap et al. recentJy reported a marked subpicosecond 

temporal changes of the S, ~ S
1 

absorption spectrum of a -terthiophene [3]. In the present 

study, rime-re. olved absorption spectra measured in the 40 - I 00 ps Lime range agree very 

well with those of Charra er al. On the other hand, the measured spectra at the early stage (0-

5 ps) differ radically from those reported by Lap et al. We do not observe large shifts of the 

absorption maximum that was reported hy them. Instead, we observe a regular vibrational 

structure existing only for the first few picoseconds after lbe pbotoexcitation. The vibrational 

mode responsibl e for thi s tructure has been identified by the picosecond time-reso lved 

Raman spectra in resonance with the S, ~ S
1 

tran iLion. 
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4-2. Experimental 

The sample of a.-terthiophene (2,2' :5' ,2"-terthiophene) was purchased from Tokyo 

Kasei and used without funher purification. All the spectroscopic measurements were carried 

out for dilute cyclohexane solutions (2 x 10·' mol dm··') at room temperature. In the time

resolved absorption measurements , the sample solut ion was Oowed through a quartz cell 

(op tical path length 0.5 mm) with a magnet-gear pump. ln the time-resolved Raman 

measurement, the sample solution was ejected as a thin film jet llow (thickness 0.2 mm) from 

a CW dye laser nozzle. 

The femtosecond time-resolved VIS absorption/emission measurement wa~ carried 

out using the spectrometer described in Chap. 2. The center wavelength of the pump pulse 

was 388 nm , and its pulse energy was 8 Jll. The wavelength 388 nm is at the longer 

wavelength side of the s, ~ S
11 

absorption spectrum of a.-tenhiophene. 

The transform-limited picosecond time-resolved Raman system has been described 

elsewhere [4]. The fundamental output from an amplified picosecond dye laser system (588 

nm. 10 Jll , 3.2 ps, 3.5 c•n' , 2kHz) is frequency doubled and nsed for pumping (294 nm, 1.5 

Jll) a-tcrthiophene. The residual of the fundamental out·put i. attenuated (100 nJ: higher 

probe energy results in power-broadened Raman spectra) and is used for probing resonance 

Raman scattering of S, a-terthiophene in resonance wiU1 the 

S, ~ s, transition. Raman scattering is analyzed by a single 

spectrograph (HR320, In s truments SA) with a 1800 

lines/mm grating and is detected by a liquid nitrogen cooled 

CCD (LN/CCD-1 024 TKB , Princeton Instruments; 1024 X 

I 024 pixels). Typical exposure time was 30 min for each 

time delay. 

4-3. Results and Discussion 

4-3-1. Femtosecond Time-resolved Absorption/Emission 

Spectra 

Fig. 4- 1 shows the femtosecond time- resolved 

pump-probe absorption/emission spectra of a-terthiophene 

i.n cyclohexane. The positive signals centered around 600 nm 

are due lo the photoinduced absorption , while the negative 

signals in the 450 nm- 500 nm region are ascribed to the s, 
--? S

11 
stimulated emission gain. The absorption spectrum in 

the 40 ps - I 00 ps Lime range agrees very well with the S, ~ 

S, absorption spectrum reported by Charra et al. [2) . The 
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absorption rises with time-dependent structures in the subpicosecond time range, retains the 

structure until about 5 ps after the photoexcitation, and then graduaJ Iy narrows down toward 

the final spec trum at 80 ps and later. The absorption peak stays around 600 nm throughout the 

time course. This observation is contrary to that by Lap et aJ. [3]. who reported a large shift of 

the absorption peak with time (520 nm at 0.0 ps to 605 om at I 0.2 ps). 1 think that their result 

might be affected by the chirp in the probe continuum. In our data processing, the effect of 

chirp is adequately corrected. Since the structures in the present spectra can be seen until 5 ps 

after the photoexcitation, they are not ascribable to any coherent artifacts arising from the 

interaction of the pump and probe pulses. These structures disappear entirely in the spectra 

after 40 ps. This means that they are not the artifacts due either to the detecting system or to 

the data processing procedure. We ascribe these time-dependent stn1ctures of the absorption 

band to the vibrationaJ population redistribution a. discussed in the following. 

4-3-2. Picosecond Time-resolved Raman Spectra 

The picosecond time-resolved resonance Raman spectra of cx-terthiophene in 

cyclohexane i shown in Fig. 4-2. The fluorescence background is subtracted in these spectra. 

A very strong band around 670 em·' (hereafter caJied the 671-cnr' band corresponding to the 

Raman shift at I 0 ps) and other several weak bands are 

observed at all t ime delays. Apart from the time

dependent shift of the position of the 671-cnr' band , 

which will be discussed in the foiJowing, the spectra at 

al l time delays look the same wit h one anot her, 

indicating that only one species is observed in the 

picosecond lime range. This species is undoubtedly the 

S, state of cx-terthiophene, for the Raman spectrum is 

observed under a resonance with the S ~ S transition . 
' I 

Of the weak bands in ihe higher Raman shift region , the 

bands at 134 1 cnr1 is assigned to the overtone of the 

671-cm·' band. The weaker bands at 1311 em·' and 1324 

em' are ass igned to the overtone of the 658-cnT' band 

and the combination of the 671- and 658-cm ' modes. 

respectively. The existence of tbe combLnation band 

indicates ihat the 671-cm 1 and 658-cm·' bands are due to 

the vibrations of the same species. This is contrary to 

what was suggested for the ground state, for which a 

few Raman bands in the 700 em ' - 650 em·' region were 

ascribed to different conformational isomers [5]. It is 

93 

871 
(a) 10ps 

658 

863 570 

1530 1341 

1600 1400 1200 1000 

Ramaosl'tHI/cm 1 

(b) 

l\ 
1\ 
I\ 
f\ 
k 

solvent 603 

-9.5ps 

0.5p5" 

,,. 
\O.Sps 

I 
20.5 ps 

50.5J 
1005J 

900 850 800 750 700 650 600 550 500 

Raman stHft / cm'1 

Fig. 4-2 Picosecond time- resolved Raman 
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the IOf> to the bottom as indicated in the 
figure. 



most likely lhatthe 67l-cm·1 mode in the 5
1 

states corresponds to the 69l-cm·1 mode in the 

ground state which is assigned to a ring deformation vibration [5]. 

4-3-3. Discussion 

The fact that the S
1 

resonance Raman spectrum is dominated by one strong band at 

671 em 1 indicates that there is only one strongly Franck-Condon active mode for the s. r S1 

transi tion and that the 67 1-cm 1 mode represents thi s acti ve mode in the 5 1 potential [6] . The 

very weak overtone at 1341 em 1 suggests that the potential displacement along this mode 

between the S, and s. states is smalL A small potential displacement should lead to a strong 

0-0 absorption wi thout di stinct vibrational structures. In harmony with this thought, the 

observed S, r S, absorption . pectrum at 80 ps and later shows a sharp, nearly symmetric 

profile. The peak position at the later time, 600 run, can be regarded as the position of the 0-0 

transi tion of the S, (-- s, absorption of a-tertbiophene. 0.8~----------~ 

wave!ellglh i nm 

0.6 

ln o rde r to look into th e details of the 

tructures observed in the earlier time, we compare in 

Fig. 4-3 the absorption spectrum at 0.6 ps (a) with that J. 
at I 00 ps (b). In the 0.6-ps specuum, two shoulders are 

observed at 625 and 653 nrn in the longer wavelength 

side of the 0-0 band. Si nce on ly the 671-cm·• mode 

pas e. ses appreciable Franck-Condon activity in the S, 

r S, u·ansition , vibrational structures that are able to 

accompany the S, r S, absorption must be related to 

thi s mode. In fact, the shoulders at 625 nm and 653 nm j 0.4 (b) 100 ps 

correspond very well with the hot u·ansitioos with one 

(Liv=-1) and two (Liv=-2) quanta of the 67 1-crn·' 

vibration. These shoulders become weaker as the time 

goes on aod disappear after about 5 ps from the 

photoexcitat ion. It i · most like.ly that thi s time

dependent ch a nge of the s truct ure reflects the 

population redistribution among the vibrational levels 

of the 671-cm' mode in the S, state and that the time 

constant of this redisLribution is on the order of a few 

~ 

500 

wa.,elenglh l nm 

Fig. 4-3 Femtosecond tim e-reso l ved V IS 
absorption spect ra of a-tcrt hi op hcne in 
tydohcxane al (a! 0.6 P' and (b) tOO ps. 
The small peak at 460 nm in the spectrum (b) 
is ascnbed to the T. t-- T, absorption. 

picoseconds. There are also shoulders in the shorter wavelength side of the 0.6-ps spectru m. 

They are asc ri bable to the vibrational structures from vibrationa ll y excited S, molecu.les. Note 

the fac t tha.t the Franck-Condon overlaps are larger for the transitions starting from higher 

vibrational levels and that lbe vibrational structures are more enhanced for absorption starting 
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from higher vibrational levels. The disappearance 

of these structures with time is also explainable 

in terms of the population decay among the 

vibrational levels of the 671-cm·' mode. 

As noted above, the position of the 67 1-

cm·' band changes with time. This change is 

quantitatively studied in Fig. 4-4, where the 

accurate peak pos ition of the 67 I -em·' band 

obtained by the Lorentzian band fitting procedure 

is plotted against the time delay. Except for the 

first few picosecond, where the overlapping 

pump field affects the Raman shift [7], the peak 

position gradually shifts toward the hi ghe r 

frequency as the time goes on. An exponential fit 

612.5 

672.0 

-g ., ' 
~ 1371 .0 l 
! 

20 40 60 .. 100 

ume():Jiay Jps 

Fig. 4A Time dependent peak shin of the 67 1-cm ' 
Raman band of S

1 
o: -tcrthiophe.ne. tcirde). 

A fitting curve with a lime constant of 18 ps is 
together shown. 

to the data after 5 ps gives a time constant of 18 ± 2 ps. Similar shifts of the Raman band 

have been found for s, trans-stilbene [8-l2] and S, p-terphenyl [7] and have recently been 

attributed to tbe cooling of the solvent-solute system which follows the dissipation of the 

excess energy from the photoexcited solu te molecule to the sol vent [I 0]. We also note that the 

gradual narrowing of the ab~orption Spectrum in Fig. 4- I occurs in the same time scale. We 

conclude that the shift or the peak po ilion of the 671-cm·' Raman band and the gradual 

narrowing of S, f- s, absorption band are both due 

to the cooling of the solvent-solute system. 

Finally, the delay in the ri se of the 

· timulated emission gain signa l need.s robe 

mentioned. Fig. 4-5 shows the rise curves of the ~ 
negative signals due to lbe gain at 460 nm and 480 J 
nm together with that of the S, f- S, absorption. 

There are clear wavelength dependent delays in the 

rise of the gain signals. The 460 mn signal rises with 

a delay of 0.5 ps, while the 480 nm signal shows a 

delay of 0.6 p . The stimulated emission gain is 

caused by population inversion between op ti cal ly 

coupled S, and S , level pairs. The wavelength 

dependent delay in the rise of the gain signa l 

provides information on the dynamics throu gh 

o.• 

0.2 

·0 2 L:---,-:---,.,:---:-:---cc:----:--:-' _. _. ·:.:·~· ':._':::"' 
-1 5 -1.0 -0.5 0.0 0.5 10 1.5 2.0 

t1metlelay l ps 

Fig. 4~5 Temporal changes o f the S" ...._ S 1 

absorbance at 600 nm (ribbon) and the 5 1 ~ Su 
stimulated emission gain at 460 nm ltriangle). 480 
nm (circle). 
Fitting curves with delays of 0.5 ps (Siimulated 
emi ssi on at 460 nm) and 0 .6 ps (stimulat ed 
emission at 4RO nm) are together shown. 

which the vibrationa l population is redistributed from the phtolytically produced Franck-

Condon state. 
Jn summary, two distinct relaxation processes have been identified for photoexcitcd 
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o:-terthiophene in cyclohexane. One is the intramolecular vibrational population redistribution 

occun·ing in the subpicosecond/picosecond time region , which is detected by femtosecond 

time-resolved absorption/emission spectroscopy and is substantiated by picosecond time

resolved Ran1an spectroscopy. The other is t11e cooling process of the solvent-solute system in 

the time range of a few tens of picosecond. This process manifests itself in the shift of the 

peak position of the Raman spectrum and also in the narrowing of the S, f- S, absorption 

spectrum. The observation of the time-dependent change of the vibrational stlucture has been 

made possible by a rather unusual situation in which only one vibrational mode (67 J em·') is 

Franck-Condon active. leading to a very simple vibrational structure of the S, f- S 1 

absorption spectrum. 
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5. Concluding remarks 

In th is dissertation, the construction of the femtosecond time-resolved pump-probe 

UV- VIS absorpt ion spectrometer and its ap plication to ultrafast photochemistry and 

photophys ic in solution have been described. 

ln Chap. 2, the construction of the femtosecond abso rption spectrometer and the 

development of the OKE cross-correlation method were described. The spectrometer enabled 

the measurements of mmsient spectra such as excited-state absorption spectra and grou nd

state bleaching spectra in the wavelength range of 300 n.m - 800 nm with time-resolution of 

abo ut 300 fs. Further improvements to acquire faste r time resolu tion by usi ng pul se 

compression technique and to ex tend the measurable wavelength range to the shorte r 

wavelength side wi ll be needed in the fu ture. The OKE method was establ ished as a cbirp-

tructure measurement technique for the purpose of chirp correction of time- resolved UV-VIS 

absorption spectra. The OKE method requ ired sti ll shoner measurement time and afforded 

much more data points on the wavelength axis than the conventional SFG or DFG method. It 

will become a standard method of chirp correction in the future . 

ln Chap. 3, the femtosecond time-resolved UV-VIS absorption spectroscopy o f 

re tinal was described. Sect. 3-I reported the all -trans --) 13-cis-9-c is photoisomeri.zati on 

reaction in nonpolar so lvents. In Fig. 5-l. what was already established before the present 

study and what has been newly clarified in thi s thesis are , ummarized. Four transient species 

(S ,, S
2

, S ,, T ,) were fo und in the lime-reso lved VIS spectra of all- trans retinal. On the 

assumption that S , is of B,- (7t, n:*) character, S, and S, were characteri zed as A; (7t, n:*) and 

(n. n:*) respectively. The re laxation sequence 

and the exci ted-state lifetimes of 9-cis retinal 

were fou nd to be nearl y identica l with those of 

the all-trans isomer. The possib le maximum 

quantum yields of the all-trans --) 1 3-cis-9-c i 

and 9-c is --) all -trans isomerization reactions 

that complete in the excited singlet manifold 

were estimated to be sufficienlly lower than 

the known quantum yields. The femtosecond 

VIS data did not provide any evidence for an 

isomerization reaction complete in the excited 

si nglet states. The femtosecond UV spectra of 

all-trans retinal were successfully analyzed in 

terms of an isomerization scheme involving a 

perpendicular excited sing.lct state, p*. The p* 

lifetime wa. fo und to be 7.2 ± 2 ps. It was 

98 
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3 
,._ 

l l 
(t- o.5p•l S., 

... !:~ 
S2 it ~ o.7psJ 

l 

... ,, . I T
1 

11- 1ns) 
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Fig. 5· 1 Photochemical and photophysical processc~ of 
ret inal in aerated nonpolar solvents. 
Lifetimes in bold lellcrs and thick. lines with arrows 
correspond w whai have been newly clarified in this 
lhesis. Lifetimes in plain lencrs and thin lines with 
arrows correspond to wha r was already established 
before Lhc present study . 



concluded that the precursor of p* was most likely the S, state. The quan tum yield values of 

the all-trans ~ 13-cis·9-c is isomerization in the temperatu re range 269 K - 298 K obtained 

from the femtosecond UV data were in good agreement with the reponed values measured by 

HPLC. The height of the energy barrier on the way from the S, state to the p* sta te was 

roughly estimated as ( 1.2 ± 0.6) x LO ' cnT'. ln Sect. 3-2, H-bonding dynamics between all 

trans retinal and !-butanol was described. No evidence for the State order chlmgc of (n , rr*) 

and (rr, rr*) states upon H-bond fom\a lion was found. It was confirmed that the free and H

bonded species coexist in the S, state . On the contrary, all the retina l molecules were 

presumed to be H-bonded in the s, and s, stares. The existence of multiple H-bonded species 

in the S, state was suggested. In the T, state, the equlli brium between the free and H-bonded 

all-trans retina l was confirmed. The first example of subpicosecond H-bond formation and 

breakage reactions was given in U1e present study. 

In Chap. 4, ultrafast vibrational relaxation of a -terthiophene in cyclohexane was 

described. Two dist inct relaxation processes were identified by using femtosecond lime

resolved YlS absorption and picosecond time-resolved Raman spectroscopies. One was the 

intramo lecul ar vibrati ona l popu latio n redi stri buti on and rel axa ti on occunin g in the 

subpicosecond/picosecond ti me region. The other was the cooling process of the solvent

solute system in the time range of a few tens of picosecond. 

This thesis has illustrated good examples which show the usefulness of ultra fast 

t ime- reso lved spec troscopy in probin g c he mical reac ti on dy nami cs. Ti me-reso lved 

spectroscopy will continue to play an important role in the fu ture for studying interesting 

photochemical and photophysica l subjects. 
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