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Vibrational relaxation of the 2 A excited state in alltrans-B-carotene obtained
by femtosecond time-resolved Raman spectroscopy
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Relaxation kinetics in altrans-3-carotene has been investigated by recently developed femtosecond Raman
spectroscopy. We observed the stimulated Raman signal ofAfjee2cited state which is converted from the
photogenerated B, state. The vibrational relaxation in theA? state takes place within 0.6 ps until the
=1 vibrational level, but the relaxation from the 1 level to thel =0 level is slower than 10 ps. The unusual
kinetics is explained in terms of theB], state which exists between the 1 andl =2 levels of the 2, state.
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All- trans-carotenoids play an important role in the light- of the ground state, and stimulated emission from the excited

harvesting function in bacterial photosynthe'sisThe linear ~ states. The sub-10 fs time-resolved study has observed the
polyene structure has been also attracted much interest Rgcillation of the ground state after the photoexcitation, but

relation to conjugated polymers. The ground state of théhe oscillation of the A
carotenoid has theA; symmetry assuming th@,, symme-
try of its polyene backbone. Therefore, the lowest single
excited state, &, , is optically forbidden. The lowest opti-
cally active state is the B, state. Recently, another dark
state, B, , has been predicted and discovered between th

state cannot be observed because
of the dephasing in t%e internal conversidnThe time-
{esolved Raman signals jBrcarotene have been already ob-
served by picosecond Raman spectroscSp§l’ The C

=C stretching mode of theA; ground state at 1521 cm
decreases by the photoexcitation and the same mode of the
QA; state appears at 1777 ¢ The abnormally high fre-

1Bj.and Ay stat.es's."‘ The relaxation kinetics in the caro- 4 ency in the 2, state has been explained in terms of the
tenoids has been intensively investigated using time-resolve@, onic coupling between the/, and 1A, states through
spectroscopy:*° The photogeneratedg]; state converts to  the totally symmetricC=C stretching vibration. However,

the 2A; state within 100-300 fs and the lifetime of th&2  the temporal dependence of the Raman signal has not been
state is several picoseconds. In the case of carotenoids in thiene resolved, because the ordinary Raman spectroscopy
light-harvesting complexes, the lifetime becomes shorter dueannot have the femtosecond temporal resolution with suffi-
to the ultrafast energy transfer reactions from carotenoids taient spectral resolution.

bacteriochlorophylf:’ Here, we present a study of the photoexcited states in

It has been generally considered that the vibrational relaxB-carotene using femtosecond time-resolved Raman spec-

ation time of electronic excited states in large molecules igroscopy. The photoinduced absorbance change has been
shorter than 1 p&! Actually, the vibrational relaxation of the also measured and compared with the Raman signals. The
1B, state in alltrans3-carotene B-caroteng has been internal conversion from the photogeneratdg] 1state to the
found to be shorter than 100 fs by femtosecond fluorescencé?y State and the vibrational relaxation of thé 2 state are
spectroscop§® The subpicosecond spectral change observe#iscussed. . .

by femtosecond absorption spectroscopy has been explained The experimental setup of the femtosecond time-resolved

by the vibrational relaxation of the/, state'® However,
Zhanget al. have recently reported that the vibrational relax-
ation of the 2\, state in alltranslycopene is slower than

Raman spectroscopy was described in detail elsewfiere.
Briefly, the 100 fs seed pulse generated by a mode-locked
Ti:sapphire lasefAvestg was amplified by a kHz regenera-
tive amplifier (Spectra Physigs The amplified pulse was

the internal conversion to the ground stiteThe energy separated to three beams. The second harmonic (B8
transfer in the photosynthesis has been assumed to ocClp, 150 f3 of the first beam was used as the first pump pulse
from the lowest vibrational level of the excited states, but thejo; the generation of the photoexcited states. The second
theoretical calculation using the assumption cannot explaipegm passed through an interference fif{g84 nm, full

the ultrafast transfer rat&.Therefore, the vibrational relax- width at half maximum(FWHM) 23 cmi !] and was used as
ation kinetics in carotenoids is very important to understanghe Raman pump pulse. The femtosecond supercontinuum
the mechanism of the highly efficient energy transfer in phopulse generated from the last beam was used as the probe
tosynthesis. pulse. The Raman signal of the excited states was observed

The vibrational relaxation of the optically forbiddemg as the transmittance change due to the stimulated Raman

state has been investigated using time-resolved absorptigtattering induced by the Raman pump pulse. The temporal
spectroscopy®*! However, it is difficult to assign the 0-0 resolution of the equipment was determined to be 300 fs by
transition and the vibrational modes, because the absorbantiee correlation between the first pump and probe pulses. The
change contains absorption of the transient states, bleachipectral resolution was determined to be 25 énby the
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0 | 290000409 q o FIG. 2. (a) Time-resolved Raman spectra on the anti-Stokes

w(:) 3 10 side, and(b) time profiles of the Raman signal. The Raman loss
Delay Time (ps) signal appears positive. Hatched signals are due to the solvent, ben-

FIG. 1. (a) Time-resolved absorbance change spectra induced b§ene.

the 397 nm pump pulse, an@) transient absorbance changes at

selected probe wavelengths. The solid lines are the best fits to tHéMe Of 0.35-0.05 ps. The bleaching at 465 nm appears
data. instantaneously and disappears with a lifetime oft80& ps.

The temporal responses with the time constants of 0.35 and

the spectrometer. The polarizations of the pulses were parakonent and a slow decay component, respectively. The 620
lel to one another. nm absorption has the other fast decay component with the

All-trans-B-carotene was purchased from Wako Purelime constant of 0.580.1 ps. On the other hand, the absorp-
Chemical Industries Ltd., and recrystallized twice from ben-tion at 570 nm has the other slow rise component with the
zene. Concentrations in the benzene solution for the femtdime constant of a few picoseconds. Therefore, the absorp-

second absorption and Raman measurements were PN peak at 570 nm becomes sharp at 2.0 ps.
x10°5 M and 4x10°* M, respectively. The solution was Since the lifetime of the absorption at 1000 nm is nearly

circulated usig a 1 mm flowcell. The photon densities of €dual to the lifetime of the fluorescent®jt is assigned to
the first pump pulse were 10 and 2 the transition from the photogenerate8,1 state to higher
X 10'® photons/crf for the absorption and Raman measure-€Xcited states. The absorption around 570 nm is assigned to
ments, respective|y_ The photon density of the Raman pumﬁle transition from the A; state, because the rise time is
pulse was 6 10 photons/cfi The measurements were consistent with the decay time of th&] state and the life-
performed at room temperature. time is equal to the recovery time of the bleaching. The
The time-resolved absorbance changes after the 397 ninitial spectral change around 570 nm has been also observed
photoexcitation are shown in Fig. 1. A sharp negative signain other carotenoid$>** It is assigned to the vibrational re-
at 455 nm is observed at a delay time of 0.0 ps. It is assigneléxation of the 2, state.
to the Raman gain o€-H stretching modes irB-carotene The time-resolved Raman signals after the 397 nm photo-
and benzene. The absorbance changeg-ofrotene have excitation are shown in Fig. 2. The absorbance change in-
three structures, bleaching at 400—-500 nm, absorption auced by the Raman pump pulse was measured on the anti-
500—700 nm, and absorption around 1000 nm. The tempor&@tokes side around 700 nifinverse Raman signal The
responses of the absorbance changes are shown in(Bjg. 1 Raman signal is separated from the extra broad signal which
The solid curves are the best fitted curves using exponentia induced by the resonant excitation. Since the intensity of
rise and decay components with convolution of the resoluthe Raman pump pulse decreases by the absorption of the
tion time. The absorption at 1000 nm appears instantaexcited states, the Raman signal at each delay time is nor-
neously after the photoexcitation and disappears with a lifemalized using a Raman line in benzene at 991" tm
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' ' ' considered. The change of the vibrational quantum number
' in the Raman process is usually positivel & +1), because
g the vibrational ground level is the initial state. When the
& vibrational excited level is the initial state, the negative
g change Al=-1) is available and the signal on the anti-
~ Stokes side becomes negative. The absorbance change due to
the stimulated Raman process between two vibrational lev-
-0.005 N S S els,I=j andI=j+1 (j=0,1,2...), can berepresented
1400 Rmﬁoghift (le.slgo 2000 using a Lorentzian function as
FIG. 3. Time-resolved Raman spectra on the Stokes side. The Nj—Nj+1
Raman gain signal appears negative. AA(Aw)x* 1

(Aw— wv)z—l— 73 ’

The signal at delay time of -5 ps gives the Raman signal
of the 1A, ground state inp-carotene. A peak at whereAw is the Raman shiftn; andn;.,, are the popula-
1520 cm ' is assigned to th€=C stretching mode. The tions in the respective vibrational levels, ang and y, are
other peak at 1590 cnt is due to benzene. After the 397 the frequency and the relaxation rate of the transition, respec-
nm photoexcitation, the 1520 cmh peak decreases instan- tively. The plus and minus signs correspond to the signals on
taneously and the signal due to the transient states appeatg anti-Stokes and Stokes sides, respectively.
around 1790 cm'. The Raman shift of the new signal is  The dispersive signal around 1790 thcan be simu-
almost equal to that of th€ = C stretching mode of the/&; lated using two Lorentzian curves centered at 1770 and
state observed by the picosecond studfé§:!’"However, the 1800 cm * with a common bandwidth of 120 cm. Figure
spectral and temporal features are remarkably interestin@(b) shows the temporal dependence of the signals. The
The negative signal at 0.2 ps has a peak at 1770 'ciout 1770 cm  component appears as the negative signal with a
it becomes broad and shifts to 1790 chat 0.6 ps. At 2.0 time constant of 0.35 ps. It increases with a time constant of
ps, the signal has a dispersive shape which has a positi&6 ps and becomes positive. The negative 1800 ‘coom-
peak at 1750 cm® and a negative peak at 1810 chaThe  ponent appears with a time constant of 0.6 ps. The decay
Raman signals on the Stokes side are just the inverse of thénetics of both components can be represented by the 8.8 ps
signals on the anti-Stokes side as shown in Fig. 3. The digifetime. Therefore, both of the 1770 and 1800 chtom-
persive structure is also observed on the Stokes side aroumgnents are assigned to thA 2 state. The transient change
1790 cm!. At the longer delay times, the signal becomesof the sign at 1770 cm' is explained by the vibrational
smaller without changing the dispersive shape. relaxation from the upper level to the lower level. Just after

The negative and dispersive Raman signals are unusuahe photoexcitation, the larger population in the upper level
so the origins should be carefully discussed. The delay timgives the negative signal. Then, the population of the lower
dependence on the 397 nm pump pulse shows that the sifevel becomes larger with the vibrational relaxation and the
nals are due to the photoexcited states. The delay time dsignal becomes positive. The long-lived negative signal at
pendence on the Raman pump pulse follows the temporalgo0 cm* means that the &; state remains in the vibra-
profile of the pulse. Therefore, the signals are due to theional excited level longer than several picoseconds. It is
coherent process induced by the Raman pump pulse or dugsigned to the first vibrational excited levél=(1) of the
to a higher excited state with an ultrashort lifetime which iSZAg state. The 0.6 ps relaxation is assigned to the vibra-

highly excited by the Raman pump pulse. The stimulatedjonga| relaxation from the higher excited levels=2) to the
emission from the higher excited state can give the negative— 1 |evel.
signal. However, the Raman shift of each signal is not af- The stimulated Raman signal and photoinduced absor-
fected by the change of the Raman pump wavelength. Thgance change have not changed the spectral features at the
observed signals are concluded to be due to the stimulategh|ay times longer than 2.0 ps. These results mean that the
Raman scattering. _ _ _vibrational relaxation from thé=1 level is slower than the

The Raman process is usually discussed on an assumptifiernal conversion to the ground state. The fast and slow
that a vibrational ground level is the initial state. The Stimu- iy ational relaxations of the /2, state can be explained in

l(?;gg Efag?fissé,%r;:togat:;ﬁntrﬁtoZ?% SI?c?bles p&%g;?aw th?erms of the B, state. Since theB,; state in the crystalline
pump P P e,@-carotene is 1880 cnt above the 2, state? it is ex-

loss, while the dispersive Raman signal has been observ d i<t b he 1 andl=2 levels of the A~
in the case of a near-resonant probe piisdowever, the PEcted to exist between the-1 andl =2 levels of the &,

probe pulse used in this study was off resonance from thétate. The ultrafast vibrgtional relax§tion until thel level
transient absorption peak at 570 nm. Moreover, the signal of¢ considered to be assisted by thi,1state.
the Stokes side is always negatifRaman gainand cannot The 1520 cm® signal due to the A, ground state de-
have the dispersive shape even in the near-resonant case. Tdigases instantaneously with the photoexcitation. The recov-
dispersive signals observed on both the anti-Stokes an@ry time is longer than the lifetime of the bleaching+1%
Stokes sides cannot be explained by the resonance. ps. Itis explained by the vibrational relaxation of the ground
Since the photoexcited state remains in the vibrationaftate after the internal conversion from tha 2 state to hot
excited levels in the femtosecond region, the effect must beibrational levels of the ground state.
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conversion to the A; ground state takes place with the
-------------- lifetime of 8.8 ps followed by the vibrational relaxation of
A the ground state.

~a 0-351’5\ The difference of the Raman shifts between Ithel « |

=2 andl=0<1=1 transitions can be explained by the vi-

brational coupling. The vibrational excited levels of the 2
8.8ps and 1A, states in carotenoids are coupled through cfhe
=C stretchmg vibrational mod¥:*” The coupling pushes
down thel =1 level of the 1A, ground state and pushes up
thel =1 level of the 2\, state. The shift of the=2 level of
y the 2A state is expected to be smaller than tkel level,
Y 15ps because the coupling between higher excited levels is gener-
ally smaller. Therefore, the frequency of thel—|=
transition is smaller than that of the=0«1=1 transition.

The contradictory results observed in other carotenoids
can be explained by the difference of the energy levels. The
slow and small spectral change observed in lycopeise

The relaxation kinetics irB-carotene is expressed using assigned to the slow vibrational relaxation from thel
the energy diagram shown in Fig. 4. First, the 397 nm pumpevel because of its similar energy levels wjghcarotené'
pulse generates the vibrational excited levels of tiBs 1 The fast and large spectral changes observed in the long
state. Since the vibrational relaxatiéredistribution of the  carotenoid¥ are probably due to the vibrational relaxation
1B state is very fast? the initial photogenerated state ob- to thel =0 level of the 2\ state. Since the separations of
served in this study is the lowest vibrational level of tt&1  the energy levels become smaller in longer carotenoids, the
state. The B, state converts to the/2, state through the 1B, state in the long carotenoids is expected to become
1B, state with the time constant of 0.35 ps. The highlylower than thel =1 level of the Z\; state. Therefore, the
vibrational excited levell(=2) of the 2A; state is generated 1B, state can assist the V|brat|onal relaxation to tked
at this time scale. The negative Raman signal at 1770 cm level.
is assigned to the transition from the2 level to thel = In conclusion, the Raman signal of thé2 excited state
level. Then, the vibrational relaxation from the 2 level to in all-trans B-carotene has been time resolved. The negative
thel=1 level takes place with the time constant of 0.6 ps.stimulated Raman signal on the anti-Stokes side indicates
The 1770 cm? signal changes to positivd €1—1=2) that the vibrational excited levels of theAg state are gen-
and the negative 1800 cm signal (=1—1=0) appears. erated after the photoexcitation. The vibrational relaxation of
The fast decay component of the absorption at 620 nm ishe 2A, state is very fast until the=1 level, but that from
explained by this relaxation. Therefore, the absorption peaknhe | 1 level is slower than the internal conversion to the
at 570 nm is assigned to the transition from tkel level of  ground state. The vibrational excited levels should be con-
the 2A, state to a higher excited state. Finally, the internalsidered on the energy transfer in the photosynthesis.

Photoexcitation

1A~
FIG. 4. Schematic energy diagram of @lins-B-carotene and
relaxation kinetics after photoexcitation. The numbers in thg 2
state denote the vibrational levels.
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