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Relaxation kinetics in a series afl-trans-carotenes that have excited states with different energies has been
investigated using femtosecond absorption and Raman spectroscopy. The dependence on the energies shows
that the B state plays an intermediate state of the relaxation from the initially photoexd&gdstate to the
2A, state. After the relaxation to theAZ state, the excess energy is held in==C stretching mode(;) of
the 2A state. The lifetime of the; mode is longer than several picoseconds in sfroii) carotenes, but it
is shorter than 1 ps in longmacrg carotenes. Vibrational feature in carotenoids is of importance in energy
transfer of photosynthesis, because the excess energy of the photoexcitation is storeqd made during the

relaxation kinetics.
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[. INTRODUCTION tional modes. The energy redistribution to other vibrational
modes takes place fir§htramolecular vibrational redistribu-
Carotenoids play an important role in light-harvestingtion) and the state becomes quasithermal equilibrium. Then,
function in bacterial photosynthesié.In the antenna com- the energy dissipation to surrounding medium occuitsra-
plexes of the photosynthesis, light energy is absorbed btional cooling and the state relaxes to the thermal equilib-
all-trans-carotenoid and transferred to bacteriochlorophyllrium. The vibrational relaxation processes of the excited
with high efficiency’° It has been generally accepted that states in large molecules had been believed to occur within 1
the ground state of carotenoids hgg symmetry because of ps for long years, because the relaxations observed by the
C,, symmetry in analogy tall-trans-polyene. The lowest €arly femtosecond studies have time constants of shorter
optically allowed singlet excited state is th& 1 state, but than several hundred femtosecontis’® Recent studies
other two optically forbidden statesB} and 2A; exist be- show that the redistribution processes in the lowest singlet

low the 1B, state® Dynamics of the initially photoexcited ©XCited state &) are not completed within a few picosec-

1B, state has been investigated by time-resolved quoresQnd,S in some caseés*? Slow vibrational rengann in the
A, excited state has been observed als@ icarotene and

cence spectroscopy. The lifetime is obtained to be 100—306 - ; .
fs./ %1t iz consistgrsllt with formation time of theAy state neurosporené.** The vibrational modes of the excited

observed by time-resolved absorption spectrosc¢opy. states can have a long lifetime even in large molecules. Sys-
. ) . i tematic investigation of vibrational features is needed to
Therefore, the direct internal conversion from thg 1state

- . - clarify the ultrafast relaxation mechanism in carotenoids. The
to the 2A, state was proposed in the beginning. Howeveryine tesolved Raman spectroscopy has been recognized as a
the theoretical studies have predicted that tBg Btate isan  howerful method for studying vibrational features of photo-
intermediate state of the conversion, because the direct COQenerated transient states. However, the ordinary method
version to the 2 state is forbiddefi:"* Recently, the kinet-  cannot have enough spectral resolution in a femtosecond re-
ics of the 1B, state has been time resolved fhcarotene  gion because of transform limit of a single pulse. The time-
using 10—20 fs tunable puls&s. resolved stimulated Raman spectroscopy can measure Ra-
Initial vibrational relaxation after photoexcitation is of man signals with femtosecond time resolution and good
importance in chemical dynamics and energy-transfer prospectral resolutiof??* Moreover, the stimulated Raman sig-
cesses in molecules, because the photoexcitation generaigsl gives information of populations in vibrational levels.
an excited state with vibrational modes. However, the energf’he Raman spectroscopy is very useful to investigate relax-
transfer to the bacteriochlorophyll has been considered tation kinetics of specific vibrational modes.
occur from the vibrational ground level of th] and Ay Linear polyene structure of carotenoids has attracted
states assuming the ultrafast vibrational relaxation. Excessiuch interest in relation to conjugated polymers. The depen-
vibrational energy has been ignored. The relaxation of thelence on the polyene length has been intensively investi-
excess energy is roughly classified into two mechanisms. Thgated by steady-state absorption and fluorescence spectros-
initial excess energy of the state is localized in a few vibra-copy, resonance Raman spectroscopy, and time-resolved

0163-1829/2003/61.7)/1743028)/$20.00 67 174302-1 ©2003 The American Physical Society



M. YOSHIZAWA, H. AOKI, M. UE, AND H. HASHIMOTO PHYSICAL REVIEW B 67, 174302 (2003

absorption spectroscopy®?°~?'The energy gaps between > I/g
the excited states and the ground state decrease with the in- m7

creasing polyene length. The lifetime of thé\2 state be- o M
comes shorter in longer carotenoids because of smaller en-

ergy gap. However, the relaxation kinetics from the B-carotene W

photoexcited B state to the A, state has not been well

understood. The energy transfer in the photosynthesis is M13 W
largely influenced by the energy of the excited states. There-
fore, the initial relaxation kinetics in carotenoids and the de- M15 WNWV‘/\(‘JQ
pendence on the length are important questions.

Here, we present the study of the ultrafast dynamics in a FIG. 1. Chemical structures @alll-trans-carotenes.

series of carotenes with different polyene lengths. The elec-

tronic and vibrational relaxations of the excited states hav%vidth of the Raman pump pulse, respectively. The signal is

been investigated using femtosecond absorption and Ram%@sumed to be probed by c&furylction probe'pulse The

spectrqscqpy. The [oles of thﬁ; state and the viprational double signs correspond to the Stokes sidepe) and the

relaxation in the+ 2, state are discussed comparing the en-y i syokes sidélower). The observed transmittance change

ergies of the B, , 1B, , and A, states. due to the imaginary part of the nonlinear susceptibility is

proportional to the difference of the populations. When the

Il. EXPERIMENT higher level has a larger populatioN(, ;>N;), the sign of

Experimental setup of the femtosecond time-resolved abt-_he Ra”_‘a” signal Is inverse to_that in the thermal _equilib-
sorption and Raman spectroscopy was described in detdi!™: It is eqw_val_ent _to the rela_t|0n_betwe_en absorption and
elsewheré?24 Briefly, 100-fs seed pulses of a mode-locked st|mula_ted emission in populat|0n_ inversion. Ther(_afore, the
Ti:sapphire lasefAvesta were amplified by a kilohertz re- transmittance change before the vibrational relaxation should
generative amplifietSpectra Physigs The amplified pulses e loss(gain on the Stokeganti-Stokes side.
were separated into three beams. The second-harmonic We have examined shorter and longer homologsilbf
pu|ses(397 nm, 150 fsof the first beam were used as pump trans-3-carotene shown in Fig. 1. The homologs are called
pulses for generating excited states. The second beam passdter the number of the conjugated double bondas m7
through an interference filtef794 nm, full width at half (n=7), m9 (n=9), B carotene K=11), M13 (n=13),
maximum (FWHM) 23 cm ] and was used as the Raman andM15 (n=15). m and M stand for minig-carotene and
pump pulses. Femtosecond supercontinuum pulses generat@cro8-carotene, respectively3 carotene was purchased
from the last beam were used as probe pulses. Raman sigrfédm Wako Pure Chemical Industries, Ltd., and was recrys-
of the excited states was observed as transmittance changglized twice from benzene solutiom?7, m9, M13, and
induced by the Raman pump pulse. The temporal and spegy 15 carotenes were synthesized, respectively, by a reductive
tral resolutions of th|_s method can be improved '”d'V'dua”ydimerization(McMurry reaction of C15 aldehyde, C18 ke-
free fro'm transf(_)rm limit of a single pulse, because they ar'§one, C23 ketone, and C25 aldehyde catalyzed by a low-
determined by independent pulses. The temporal responggence titanium compound that was derived from Ji€l
follows the transient population of the excited states with theClS aldehyde and C25 aldehyde were synthesized, respec-

resolution determined by the durations of pump and probe r -
pulses, while the spectral response depends on the bandwi Kely, from C13 ketone g-ionong and C20'aldehyd(3ret|
nal by the use of Horner-Emmons reaction that was fol-

of the Raman pump pulse. The temporal and spectral reSOllllc_)wed by diisobutylaluminuniDIBAL ) reduction.8 ionone

tions of the equipment were 250 fs and 25 cmrespec-
tively. auip cnresp was kindly donated from Kuraray Chemical C@iigata,

The transmittance change due to the stimulated Ramar@Pa?and was used after purification by vacuum distillation.
scattering on the Stokdanti-Stokes side is generally posi- Retinal was synthes!zed_ by the_hydroly3|s of retinyl acetate
tive (negative and called Raman gaifRaman loss It is  followed by MnG; oxidation. Retinyl acetate was purchased
caused by the largest population of the vibrational groundrom BASF Chemical Co(Switzerland and was used after
level in thermal equilibrium. However, vibrational excited purification with silica-gel column chromatograplgiethyl
levels cannot be negligible in a femtosecond region. Assumether:n hexane=20:80). C18 ketone and C23 ketone were
ing populations of\; andN; . ; in thej andj+1 vibrational ~ synthesized, respectively, from C15 aldehyde and C20 alde-
levels, respectively, nonlinear susceptibility of the stimulatechyde (retina) by means of Aldol condensation with acetone.
Raman process between thandj +1 levels is represented Benzene solutions of the carotenes were circulated using a

as 1-mm-flow cell. The measurements were performed at room
temperature. The optical density of the solutions in the cell is
) N;—Njq about 1 at 400 nm. The photon densities of the 397-nm pump

X (w)or £ (opF @) +i(T,+Tg) (1) pulse and the Raman pump pulse were 2x10' photons/

cn? and 6x 10 photons/crh, respectively. The polariza-
Here,w, andl", are frequency and bandwidth of the Ramantions of the pump, Raman pump, and probe pulses were par-
transition, respectivelywy andI'r are frequency and band- allel to one another. The absorption and fluorescence spectra
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FIG. 3. The time-resolved absorbance changesn®f at the
FIG. 2. The steady-state absorpti@ashed curvgsand fluores-  delay times of(a) 0.1-1.0 ps{b) 1.0-5.0 ps, andc) 5.0-50 ps.
cence(solid curve$ spectra. Sharp fluorescence peaks around 420—

460 nm are due to the spontaneous Raman scattering. the time-resolved Raman spectroscopy only blocking the Ra-

man pump pulse by a shutter. Since the pump and probe
pulses have parallel polarization, depolarization of the signal
may affect the observed kinetics in long delay times. Fluo-
rescence anisotropy of theAg state in solutions shows that
rotation of the carotenoid molecules has time constants of a
few hundred picosecondéTherefore, the polarization effect
can be negligible within delay time of a few ten picoseconds.

Figure 2 shows steady-state absorption and fluorescence, Figure 3 shows the absorbance changesdn The relax-

spectra in the carotenes. The absorption spectra in long caftion kinetics can be clarified at three stages. In_the first stage
otenes H=11) have vibronic structures with spacing until the dglay tlmg of 1.0 psa)', a broad absorption band is
1200-1400 cm’, The lowest-energy peak in each carotene®?S€Tved in near-infrared regi¢B00-1000 nm It appears
is assigned to the 0-O vibronic transition from thé1 m_stz_antaneously after the _photoexc!tatlpr_] and _dlsappears
; o within 1 ps. Another absorption band in visible regi@60—
ground stat_e to theR, state. T_he absorpt:cin m7 andm9 600 nm appears with the decay of the near-infrared band.
'S alsq assigned 0 the transition to th8, state, but th? Bleaching due to the depletion of the\] ground state ap-
vibronic structure is not clear. The absorption peaks shift t ears at 420—460 nm. In the second stage at 1.0-5(0)ps

'O”QGT wa\;elhength .Wi(tjh the in_crerz]asing Iengtha becau_se th e absorption peak at 550 nm increases and the spectral
energies of the excited states in the carotenoids are given ;
a linear function of 1/(A+ 1), where 21+1 is the length of @:ﬁape of the visible absorption band becomes sharp. In the

h Laated polverd last stage(c), the visible absorption and the bleaching de-
€ conjugated polyerte. crease with a time constant of several ten picoseconds. The

The fluorescence spectra were measured using a 400-n inf isibl . h h
excitation light. Sharp peaks around 420—460 nm are due ta ar-infrared and visible absorption bands are assigned to the

were recorded with a spectrophotometéShimadzu,
UVPC2500 and a fluorescence spectrophotoméi&SCO,
FP-750, respectively.

Ill. RESULTS

A. Steady-state absorption and fluorescence spectra

+ - — . -
spontaneous Raman scattering of both the carotenes and t E” andior B, states and the &, state, respectively, in

; 1,22
benzene solvent. The fluorescence exeaptis assigned to ngame Xva% as |yfhcatrotene2. | absorb hangesoi
the transition from the B_ state to the ground state. The igure < Shows fhe femporal absorbance changessin
peaks shift to longer wavelength with the increasing length.
However, the fluorescence im7 appears with very large
Stokes shift. It is assigned to the transition from thi,2
state to the ground state. TheA state in the exact £
symmetry is optically forbidden, but the symmetry is ex-
pected to be slightly broken in the carotenoids. The fluores-
cence of the A, state is observed in short carotenoids be-
cause of very long lifetimé®?’ However, it cannot be
observed in long carotenoids because of the small radiative
transition rate. In spite of the broken symmetry, we will use
the same terminology as for ttadl-trans-polyenes.

Absorbance Change (arb. units)

4 6
Time (ps)

FIG. 4. Transient absorbance changesi® at 550 nm(closed
circles, 610 nm(triangles, and 930 nmopen circles Solid curves
are the best fits to the data assuming exponential rise and decay
The time-resolved absorbance change induced by theomponents. Inset shows the change at 550 nm in the long delay
397-nm pump pulse was measured by the same setup witlmes.

B. Femtosecond absorption spectroscopy
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The solid curves are the best fits to the data using exponen-

0.5F #
tial rise and decay components with the convolution of the / \ m7
temporal resolution. The resolution at each wavelength was 0 ./ — ; :
obtained by the crosscorrelation between the pump and A
; . 05 m9
probe pulses. It can be represented by a Gaussian function " A J—
with FWHM of 250-350 fs. The near-infrared absorption at g 0 t -
930 nm appears instantaneously and decreases with a time S o2k \\ B-carotene]
L - 2 A
constant of 0.320.05 ps. The peak of the visible absorption g 0 f \ o
band(550 nm has two rise and one decay components. The £ \
fast and slow rises have time constants ofZ0031 ps and § Mi3
4.3+ 0.3 ps respectively, and the decay time is obtained to be ' ,
44 ps. The fast rise time is consistent with the decay time of
the near-infrared absorption. The signal at 610 nm can be M15
fitted to one rise and two decay components. The time con- - = .
stants of the rise and slow decay are consistent with those of s . .
400 600 800 1000

the fast rise and the decay at 550 nm, respectively. A time
constant of the fast decay is obtained to bet041 ps at 610
nm. However, the fast decay of the visible absorption de- FIG. 5. The time-resolved absorbance changes at the delay
pends largely on the wavelength. It cannot be represented himes of 0.1 ps(solid curveg, 1.0 ps(dashed curvgsand 5.0 ps

Wavelength (nm)

a exponential function with a consistent time constant. (dashed-dotted curves
The observed kinetics is assigned in the same wag in
carotené>? At the delay times in the first stage, th@1 The absorbance changes in the carotenes have similar

state is initially photogenerated and the relaxation until theemporal responses witm9 as shown in Fig. 6. The solid
2A, state takes place. Recent studieginarotene and neu- curves are the best fits of the data assuming exponential rise

rosporene have reported that the first internal conversioAnd decay components. The time constants obtained by the
from the 1B state to the B state occurs within 50 fs fits are summarized in Table |. The near-infrared band ap-
u u

followed by the subsequent internal conversion to tie 2 pears instantaneously and disappears within 1 ps. The visible
. 3 band appears simultaneously with the decay of the near-
state with a few hundred femtosecortdd® However, they . : e : .
infrared signal. It is slightly faster in the carotenes with the

cannot be se_parated iq thi:'s st_udy because of the I_imited. te niddle polyene lengths (@n<13). The kinetics is assigned
poral resolution. The kinetics in the second stage is assIgN&R the internal conversion until therZ state. The lifetime of

to the vibrational relzlg>.<at|on n theA% state. The Ag state the 2A; state is estimated from the decay of the visible
generated by the. |n|}|al relaxat|o.n has large excess energ%.and It becomes more than 100 times shorter with the in-
The energy is redistributed and dissipated to the solvent. The™

slow rise at 550 nm is assigned to the dissipation processes
in the 2A, state. The time constant of the dissipation is
estimated to be 4:80.3 ps. However, the spectral change
due to the redistribution depends largely on the concerned
vibrational modes. The redistribution process is difficult to
be determined by the observed time-resolved absorbance
changes. The decay kinetics in the last stage is assigned to
the internal conversion from theAZ state to the A;
ground state. The visible absorption band and the bleaching
of the steady-state absorption have the same decay time con-
stant within the experimental errors. However, the observed
kinetics may be slightly faster than the population decay of
the 2A, state because of the depolarization. Considering the
error due to the depolarization, the lifetime of th& 2 state
in M9 is estimated to be 445 ps

The photoinduced absorbance changes in the series of the
carotenes are shown in Fig. 5. They have three common
spectral structuregl) the bleaching of the steady-state ab- 0-0-0-0-0.-0-G-0-c 08
sorption, (2) the visible absorption band, an@) the near- 0 2 4 6 8 10
infrared absorption band. The photoinduced absorption Time(ps)
bands shift to longer wavelength with the increasing polyene g\ g Transient absorbance changes of the near-infrared sig-
length similarly with the steady-state absorption. The visibleyais (open circles and the visible signalgclosed circles Solid
and near-infrared absorption bands are assigned tOA@e 2 curves are the best fits to the data assuming exponential rise and
state and the B, and/or BB, states, respectively. decay components.

Absorbance Change (arb. units)
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TABLE I. Time constants of relaxation kinetics obtained by the femtosecond absorption spectroscopy.

Sample Internal conversiaips) Vibrational relaxation(ps)
1B, and/or B, —2Ay 2A; —1A; 2A4

m7 0.55+0.05 >2302 6.5+0.5

m9 0.32:0.05 44+ 5 4.3+0.3

B carotene 0.360.04 9.0:0.3 ~1.0

M13 0.34:0.05 2.5:0.1

M15 0.53:£0.05 0.8:0.1

®The obtained time constant is shorter than tig Zdifetime because of the polarization effect.

creasing polyene length. The spectral change of the visible, S°lid curves in Fig. 7 show transient changes of Raman
band is observed im7, m9, and carotene. It is assigned signals induced by the 397-nm photoexcitation. The changes

to the vibrational relaxation in the/g, state. The time con- have two structures. One is negatlve.changes Obser"ed in all
the carotenes at the arrows. It is assigned to depletion of the

stants are estimated from the slow rise of the visible absorp- nd state. The temporal N f the neqative chan
tion peak. However, the spectral change cannot be observ ound state. The temporal response o the negative changes
: o shows simultaneous increase with the photoexcitation. Re-
in M13 andM15 because of the short lifetime of thé\2 L ; )
state covery of the depletion irm7 and m9 has consistent time

THe absorbance chanae k15 has a lona-lived peak at constants with the recovery of the ground state observed by
590 nm as shown in Ei g The time consta?nt ist:pr s It the time-resolved absorption spectroscopy. However, the re-
) h h thg.l'f.t' f th tate. Th pI ' covery times ing caroteneM 13, andM 15 are longer than
:.S ”&ucb onger r?n be e |Imeg b S Ze,' E NG the recovery of the ground-state absorption. It is due to the
lved absorption has been already observed In other macr@i,; orqund state generated after the internal conversion from
carotenes and assigned to the hot ground state generated a X oA~ state

9 .

the internal conversion from th state'® The long-lived Another change is broad signals around 1800 EnThey
absorption due to the hot ground state is observed also iQre assigned to the, mode of the 2 state from the cor
1 g -

M13 at 560 nm.
The spectral changes observed by the time-resolved al{)espondence of the temporal respormsé, m9, and; caro-

. : . “Tene have positive and negative peaks around 1800'cm
sorption spectroscopy is useful to study the energy d|SS|pq:| wever. the sianal itM13 h nl itiv K and
tion. However, it is difficult to investigate the detailed kinet- owever, the signa as only a positive peak a
ics including the energy redistribution of the specific
vibrational modes, because the observed signals are due to
transitions from some vibrational levels of the electronic
states to another electronic state which is sometimes un-
known. Vibrational features of specific vibrational modes in
excited states can be investigated by the time-resolved Ra-
man spectroscopy.

C. Femtosecond Raman spectroscopy

The time-resolved Raman signal was measured as the
transmittance change induced by the Raman pump pulse.
The observed signal consists of sharp lines and broadband.
The broadband is assigned to highly excited states generated
by the resonant excitation of the Raman pump pulse and is
subtracted from the observed signal. The remaining sharp
lines are verified to be the stimulated Raman scattering from
the temporal and spectral dependence on the Raman pump
pulse??

The dash-dotted curves in Fig. 7 show the Raman signals
of the ground state in the carotenes. Hatched strong Raman
lines at 1590 cm? are assigned to a nonresonant Raman linepy,

Raman Signal Change (arb. units)

1800 2000

Raman Shift (cm'l)

FIG. 7. Photoinduced changes of the stimulated Raman signals.
e delay times after the 397-nm photoexcitation are 5 puin

of the benzene solvent. The lines around 1500 trim B
caroteneM 13, andM 15 are assigned to the=€C stretch-
ing mode (4) of the ground state. The; mode inm7 and

m9, andg carotene, 3 ps iM13, and 1 ps irM 15 (solid curves.
Dashed curves are the best fits to the data assuming the Raman lines
with the Lorentzian shape. Dash-dotted curves show the Raman

m9 is observed as a shoulder of the Raman line of the sokignals of the A; ground state. Hatched signals are due to the

vent. Arrows indicate frequencies of thg mode obtained
by stationary spontaneous Raman spectroscopy.

solvent. Arrows indicate the shifts of the, mode of the ground
state obtained by the spontaneous Raman scattering.
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TABLE Il. Raman shifts and the relaxation times of the mode. The vibronic levels of the Raman
transitions are indicated in brackets.

Sample 1A, (cm )@ 2A; (cm™ )P Relaxation time(ps)
Positive Negative 1—0 of 2A,

m7 1560 1765 (+2) 1785 (1-0) ~10

m9 1535 1755 (+:2) 1775 (1-0) >10

B carotene 1521 1770 (:2) 1800 (1-0) >10

M13 1512 1695 (6-1) ~0.4

M15 1503 ~0.8

#Observed by the stationary spontaneous Raman spectroscopy.
PObtained by the best fits to the time-resolved Raman signals. Errors are about's cm

M 15 does not have a clear signal. The Raman signals arountegative 1-0 transition. The time constant of the vibra-
1800 cmi! have been investigated in detail i3  tional relaxation inM 15 is estimated to be about 0.8 ps after
caroten€"#?At 0.2 ps, the signal has a broad negative peakhe lifetime of the 2\; state.
at 1770 cm®. Then another negative peak appears at
1800 cm't and the 1770-cmt peak becomes positive. The V. DISCUSSION
observed signals have been interpreted using two lines at
1770 and 1800 cmt. The dispersive structure observed at 5 The relaxation kinetics observed by the time-resolved ab-
ps is due to the close positive and negative peaks. The postorption spectroscopy has the common processes in all the
tive and negative signals are explained in terms of the vibracarotenes, the ultrafast internal conversion from tfig] 1
tional excited levels using Ed1). The population in thg state and/or B, state to the 2 state, the vibrational re-
=1 vibrational level gives the positive and negative lineslaxation in the 2, state, and the internal conversion from
due to the 12 and 1-0 Raman transitions, respectively. the 2A, state to the A; ground state. However, the time
Therefore, the A, state ing carotene exists in the=1  constants have large difference depending on the polyene
level at 5 ps. Positive and negative Raman signals arouniéngth as summarized in Table |. The dependence can be
1800 cmi ! in m7 andm9 can be fitted using two lines and interpreted in terms of the energy levels of the excited states.
assigned to the 2 and 1-0 Raman transitions, respec- Figure 8 shows a model of the relaxation kinetics in the
tively, in the same way i8 carotene. Lack of the negative carotenes. Solid lines are the schematic energies of the ex-
signal inM 13 means that the/2; state relaxes to thg=0 cited states given as a linear function of 1i(21), where
level quickly. 2n+1 is the length of the conjugated polyefteA dashed

The observed Raman lines are summarized in Table llline represents thg=1 level (v; mode of the 2A; state.
The Raman lines in theA; ground state were measured by The gap between theAy and 1A, states decreases with the
the stationary spontaneous Raman scattering. The frequeimcreasing length, while the gap between tH& 1and Ay
cies in the A, state were obtained by the fits using Lorent- states is almost constant. Th&1 state changes its energy
zian functions. Dashed curves in Fig. 7 show the best fits to
the spectra. The frequencies in th& 2are about 200 cmt Number of Conjugated Double Bonds
higher than those in theAl; state. The -2 and 1-0 A5 13 11 9 7
Raman transitions in the/, state have anharmonicity. The 25000
1—2 transition has 20—30 cnt smaller frequency than the
1—0 transition. The bandwidth in theA? state obtained by
the fits is 120—160 cm'. It is much broader than that in the
ground state.

The time constants of the-20 vibrational relaxation in
the 2A, state shown in Table Il are roughly estimated from
the temporal responses of the Raman signals. The negative
changes around 1800 crhremain longer than 10 ps im7,
m9, andp carotene. The’; mode has a very long lifetime in
the short carotenes. On the other hand, the positive change in L
M 13 appears with the subpicosecond formation time of the 003 004 005 006 007
2A, state. The unobservableAg state inM15 may be in- 1/@2n+1)
terpreted by nearly equal populations in e0 andj=1 FIG. 8. The dependence on the number of the conjugated double
levels. The signal due to the depletion of the ground stat§onds. Solid lines are schematic energies of the excited states and a
appears clearly iM 15, but the signal due to theA' stateis  dashed line represent the vibrational excited level of tA¢ 3tate.
canceled out because of the positive:Q transition and the Arrows indicate the relaxation processes in each carotene.

Energy (em™)
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more largely than the BJ and 2A; states and exists above els. The }»2 Raman transition of the/Z, state has lower
the 1B state in the short carotenes. frequency than the 10 Raman transition, because of
The relaxation kinetics after the photoexcitation of thesmaller shift. The broad bandwidth in thé2 state suggests

1B, state is represented by arrows in each carotene. Theltrafast dephasing or mixture of several lines. However, it

internal conversion from the &, state to the A, state Nas not been well understood. -

(open arrows has the large dependence on length. The life- The vibrational relaxation is generally classified into the

time of the 2, state decreases exponentially with the de-S"€r9Y fe_d'SF”b“t'O” to other vibrational modes and the en-

creasin energ ao between thA*Zpand 1A~ )sl,tates The €9y dissipation to solvent. The observed spectral changes of
g gy gap g 9 ' the visible absorption band have subpicosecond and several

energy of the vibration concerned with the internal conver

s . < o “picoseconds time constants. The fast and slow processes may
sion is estimated to be about 1600 cmThe similar depen- e assigned to the redistribution and to the energy dissipa-
dence has been already observed in other carotenoids aggp respectively. However, the time-resolved Raman signals

explained simply by the energy-gap 14W° The vibronic oy that ther; mode of the 2 state remains in the ex-
coupling through the,; mode plays a major role in the in- ¢jteq level longer than 10 ps im7, mo, and g carotene.
ternal conversion as reported ghcarotené” Therefore, the spectral changes of the visible absorption are
The internal conversion from theBl, state to the ;'  assigned to the vibrational relaxation of other than the
state is represented by the solid and dashed arrows. The timgode. The long-livedr; mode means the small interaction
constants are short in the carotenes with the middle lengtivith other modes. The; mode in the carotenes is a totally
(9=n=13). If the direct internal conversion occurs from the symmetric G=C stretching modeAy) and localized at the
1Bj state to the A, state, the almost constant energy gapcentelz.9 The slow vibrational redistribution has been ob-
should give the almost same time constant. Therefore, theerved in similar vibrational modes in other molecules. The
1B, state is expected to be a key importance in the relaxC—=C stretching mode itrans-stilbene and bacteriorhodop-

ation kinetics. In the middle carotenes, thBl state be- Sin has tggz relaxation time longer than several
tween the B; and the 2, states plays as an effective plcos_,ecorjdé.' The excess energy in dlegoxyhemoglobm is
intermediate state. The relaxation to thé\2 state takes ocalized intheA,qnormal modes#,, v7). ° The symmetry
place as two ultrafast subsequent internal gonversﬂmﬁﬁ and localization may be keys of the small interaction. On the
arrows, B, 1B, —2A.). However, the B, state inm?7 other hand, thev; mode inM13 andM15 has the short
cannot be l;he int;rmedigte state, because ikcJ is aboveAhe 2 Ilfetlme. I gan be mterprete-d In terms Of.thB:‘[ state. The
state. The relaxation im7 is relatively slow because of the lBli state |nl\/rlll3 ?ndM:hS “.es bel?w the :1. Ievsl of the h
forbidden internal conversion from the8] state to the a, igg, sta(ljtez.; etretore, the |Intertrr11a con\t/er3|on t'eltwhsee((a)n the
state(dashed arroyv The 1B, state inM15 can be the in- | “I a? th %; atef can relax the carotenes until §
termediate state, but the gap between tf land 1B, eV‘Ie'hce) relz atgor? i'ﬁét'cs in the carotenes can be summa-
states is larger than the middle carotenes. The relatively slow xal INEUCs | . u
relaxation inM 15 (dashed curjemay be due to the large rized as follows. The initially photoexcitedB], state relaxes
energy gap. Alternatively, the large excess energy of th&® the 2Ay state passing through theBl state. However,
397-nm (25200 cm') pump pulse may slow the relaxation the direct internal conversion occurs in the short carotenes
in M15. When the excess energy remains in the carotene§1=7). because theB, state is above theH, state. The
alternate internal conversionsBf =1B,, and 1B, =2A, excess energy after the internal conversion is held invthe
A u us ’ . . . . . .

may occur. If so, the relaxation to the lower electronic state/iPrational mode during the relaxation kinetics, because the
is influenced by the redistribution and dissipation of the ex-€nergy redistribution from the; mode exists very slow in
cess energy. The fluorescence observed above the 0-0 g€ carotenes. However, the long carotenes {3) has the
sorption peak inVi 15 suggests that the internal conversionfast vibrational relaxation because of the low-lying,1
from the 1B, state has a similar time constant with the vi- State. Then, the internal conversion from th ?state to the
brational relaxation. The dependence on the pump photohA, ground state occurs. Itis very fast in the long carotenes
energy is needed to clarify the initial relaxation. because of the small energy gap. Finally, the vibrational re-

The time-resolved Raman spectroscopy shows thatthe laxation of the ground state occurs with the time constant of
mode of the 2 state has about 200 crhhigher frequency —several ten picoseconds.
than thev; mode of the B state. It has been already ob-
served inB carotene and explained in terms of the vibronic
coupling between the &2, and 1A, states through thé,
symmetricv; mode?®~31 The coupling pushes down the The ultrafast relaxation kinetics in a series of carotenes
=1 level of the A, state and pushes up the-1 level of  has been investigated by the femtosecond study. The relax-
the 2A, state. Therefore, the Raman line of thA2state  ation from the photoexcited B, state to the A, state is
has higher frequency. The; mode of the 2, state has faster in the carotenes with the middle polyene length8 (
anharmonicity. The 12 transition has about 20 cmi B carotene, and113). The negative stimulated Raman sig-
smaller frequency than the-10 transition. It can be inter- nals due to the vibrational excited level of thé\2 state
preted by smaller vibronic coupling in higher vibrational lev- have been observed in the short carotemas,(m9, andg

V. CONCLUSIONS
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caroteng The relaxation from the &; state to the ground €xcited states relaxes very fast generally, but the specific
state becomes fast with the increasing polyene length béhode can have long lifetime even in large molecules. The
cause of the energy-gap law. The relaxation kinetics in théndividual measurement of the specific mode using the time-
carotenes is interpreted considering the energy level of theesolved vibrational spectroscopy is necessary to investigate
1B, state. The B state plays very important roles in the the ultrafast dynamics of the excited state.

initial relaxation kinetics. It is the intermediate state in the
relaxation from the photoexcitedB], state to the A, state
and assists the vibrational relaxation of th& 2state. With-
out the assistance of theB] state, thev; mode of the 2 This research was supported by a grant from the Sumi-
state has very long lifetime in the carotenes. The vibration ofomo Foundation to M.Y. and a grant-in-ai@rant No.

the excited states affects largely the interaction with othed4340089 from the Ministry of Education, Sports, Culture,
molecules, because it changes the energy and symmetry. TBeience and TechnologMEXT) of Japan. H.H. is thankful
vibrational excited levels should be considered in the energjor a grant-in-aid Grant Nos. 14340090 and 146540 Tm
transfer in the photosynthesis. The vibration of the electronidVEXT.
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