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Vibrational relaxation of the 2 Ag
À excited state in all-trans-b-carotene obtained

by femtosecond time-resolved Raman spectroscopy
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Relaxation kinetics in all-trans-b-carotene has been investigated by recently developed femtosecond Raman
spectroscopy. We observed the stimulated Raman signal of the 2Ag

2 excited state which is converted from the
photogenerated 1Bu

1 state. The vibrational relaxation in the 2Ag
2 state takes place within 0.6 ps until thel

51 vibrational level, but the relaxation from thel 51 level to thel 50 level is slower than 10 ps. The unusual
kinetics is explained in terms of the 1Bu

2 state which exists between thel 51 andl 52 levels of the 2Ag
2 state.
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All- trans-carotenoids play an important role in the ligh
harvesting function in bacterial photosynthesis.1,2 The linear
polyene structure has been also attracted much intere
relation to conjugated polymers. The ground state of
carotenoid has the 1Ag

2 symmetry assuming theC2h symme-
try of its polyene backbone. Therefore, the lowest sing
excited state, 2Ag

2 , is optically forbidden. The lowest opti
cally active state is the 1Bu

1 state. Recently, another dar
state, 1Bu

2 , has been predicted and discovered between
1Bu

1 and 2Ag
2 states.3,4 The relaxation kinetics in the caro

tenoids has been intensively investigated using time-reso
spectroscopy.5–13 The photogenerated 1Bu

1 state converts to
the 2Ag

2 state within 100–300 fs and the lifetime of the 2Ag
2

state is several picoseconds. In the case of carotenoids i
light-harvesting complexes, the lifetime becomes shorter
to the ultrafast energy transfer reactions from carotenoid
bacteriochlorophyll.6,7

It has been generally considered that the vibrational re
ation time of electronic excited states in large molecules
shorter than 1 ps.14 Actually, the vibrational relaxation of the
1Bu

1 state in all-trans-b-carotene (b-carotene! has been
found to be shorter than 100 fs by femtosecond fluoresce
spectroscopy.8,9 The subpicosecond spectral change obser
by femtosecond absorption spectroscopy has been expla
by the vibrational relaxation of the 2Ag

2 state.10 However,
Zhanget al.have recently reported that the vibrational rela
ation of the 2Ag

2 state in all-trans-lycopene is slower than
the internal conversion to the ground state.11 The energy
transfer in the photosynthesis has been assumed to o
from the lowest vibrational level of the excited states, but
theoretical calculation using the assumption cannot exp
the ultrafast transfer rate.15 Therefore, the vibrational relax
ation kinetics in carotenoids is very important to understa
the mechanism of the highly efficient energy transfer in p
tosynthesis.

The vibrational relaxation of the optically forbidden 2Ag
2

state has been investigated using time-resolved absorp
spectroscopy.10,11 However, it is difficult to assign the 0-0
transition and the vibrational modes, because the absorb
change contains absorption of the transient states, bleac
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of the ground state, and stimulated emission from the exc
states. The sub-10 fs time-resolved study has observed
oscillation of the ground state after the photoexcitation,
the oscillation of the 2Ag

2 state cannot be observed becau
of the dephasing in the internal conversion.13 The time-
resolved Raman signals inb-carotene have been already o
served by picosecond Raman spectroscopy.12,16,17 The C
5C stretching mode of the 1Ag

2 ground state at 1521 cm21

decreases by the photoexcitation and the same mode o
2Ag

2 state appears at 1777 cm21. The abnormally high fre-
quency in the 2Ag

2 state has been explained in terms of t
vibronic coupling between the 2Ag

2 and 1Ag
2 states through

the totally symmetricC5C stretching vibration. However
the temporal dependence of the Raman signal has not
time resolved, because the ordinary Raman spectrosc
cannot have the femtosecond temporal resolution with su
cient spectral resolution.

Here, we present a study of the photoexcited states
b-carotene using femtosecond time-resolved Raman s
troscopy. The photoinduced absorbance change has
also measured and compared with the Raman signals.
internal conversion from the photogenerated 1Bu

1 state to the
2Ag

2 state and the vibrational relaxation of the 2Ag
2 state are

discussed.
The experimental setup of the femtosecond time-resol

Raman spectroscopy was described in detail elsewhe18

Briefly, the 100 fs seed pulse generated by a mode-loc
Ti:sapphire laser~Avesta! was amplified by a kHz regenera
tive amplifier ~Spectra Physics!. The amplified pulse was
separated to three beams. The second harmonic pulse~397
nm, 150 fs! of the first beam was used as the first pump pu
for the generation of the photoexcited states. The sec
beam passed through an interference filter@794 nm, full
width at half maximum~FWHM! 23 cm21] and was used as
the Raman pump pulse. The femtosecond supercontin
pulse generated from the last beam was used as the p
pulse. The Raman signal of the excited states was obse
as the transmittance change due to the stimulated Ra
scattering induced by the Raman pump pulse. The temp
resolution of the equipment was determined to be 300 fs
the correlation between the first pump and probe pulses.
spectral resolution was determined to be 25 cm21 by the
©2001 The American Physical Society01-1
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bandwidth of the Raman pump pulse and the resolution
the spectrometer. The polarizations of the pulses were pa
lel to one another.

All- trans-b-carotene was purchased from Wako Pu
Chemical Industries Ltd., and recrystallized twice from be
zene. Concentrations in the benzene solution for the fem
second absorption and Raman measurements wer
31025 M and 431024 M, respectively. The solution wa
circulated using a 1 mm flowcell. The photon densities o
the first pump pulse were 431015 and 2
31016 photons/cm2 for the absorption and Raman measu
ments, respectively. The photon density of the Raman pu
pulse was 631016 photons/cm2. The measurements wer
performed at room temperature.

The time-resolved absorbance changes after the 397
photoexcitation are shown in Fig. 1. A sharp negative sig
at 455 nm is observed at a delay time of 0.0 ps. It is assig
to the Raman gain ofC-H stretching modes inb-carotene
and benzene. The absorbance changes ofb-carotene have
three structures, bleaching at 400–500 nm, absorption
500–700 nm, and absorption around 1000 nm. The temp
responses of the absorbance changes are shown in Fig.~b!.
The solid curves are the best fitted curves using expone
rise and decay components with convolution of the reso
tion time. The absorption at 1000 nm appears instan
neously after the photoexcitation and disappears with a

FIG. 1. ~a! Time-resolved absorbance change spectra induce
the 397 nm pump pulse, and~b! transient absorbance changes
selected probe wavelengths. The solid lines are the best fits to
data.
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time of 0.3560.05 ps. The bleaching at 465 nm appea
instantaneously and disappears with a lifetime of 8.860.2 ps.
The temporal responses with the time constants of 0.35
8.8 ps are also observed around 570 nm as a fast rise c
ponent and a slow decay component, respectively. The
nm absorption has the other fast decay component with
time constant of 0.5360.1 ps. On the other hand, the absor
tion at 570 nm has the other slow rise component with
time constant of a few picoseconds. Therefore, the abs
tion peak at 570 nm becomes sharp at 2.0 ps.

Since the lifetime of the absorption at 1000 nm is nea
equal to the lifetime of the fluorescence,8,9 it is assigned to
the transition from the photogenerated 1Bu

1 state to higher
excited states. The absorption around 570 nm is assigne
the transition from the 2Ag

2 state, because the rise time
consistent with the decay time of the 1Bu

1 state and the life-
time is equal to the recovery time of the bleaching. T
initial spectral change around 570 nm has been also obse
in other carotenoids.10,11 It is assigned to the vibrational re
laxation of the 2Ag

2 state.
The time-resolved Raman signals after the 397 nm pho

excitation are shown in Fig. 2. The absorbance change
duced by the Raman pump pulse was measured on the
Stokes side around 700 nm~inverse Raman signal!. The
Raman signal is separated from the extra broad signal w
is induced by the resonant excitation. Since the intensity
the Raman pump pulse decreases by the absorption o
excited states, the Raman signal at each delay time is
malized using a Raman line in benzene at 991 cm21.

by
t
he

FIG. 2. ~a! Time-resolved Raman spectra on the anti-Stok
side, and~b! time profiles of the Raman signal. The Raman lo
signal appears positive. Hatched signals are due to the solvent,
zene.
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The signal at delay time of -5 ps gives the Raman sig
of the 1Ag

2 ground state in b-carotene. A peak a
1520 cm21 is assigned to theC5C stretching mode. The
other peak at 1590 cm21 is due to benzene. After the 39
nm photoexcitation, the 1520 cm21 peak decreases instan
taneously and the signal due to the transient states app
around 1790 cm21. The Raman shift of the new signal
almost equal to that of theC5C stretching mode of the 2Ag

2

state observed by the picosecond studies.12,16,17However, the
spectral and temporal features are remarkably interes
The negative signal at 0.2 ps has a peak at 1770 cm21, but
it becomes broad and shifts to 1790 cm21 at 0.6 ps. At 2.0
ps, the signal has a dispersive shape which has a pos
peak at 1750 cm21 and a negative peak at 1810 cm21. The
Raman signals on the Stokes side are just the inverse o
signals on the anti-Stokes side as shown in Fig. 3. The
persive structure is also observed on the Stokes side ar
1790 cm21. At the longer delay times, the signal becom
smaller without changing the dispersive shape.

The negative and dispersive Raman signals are unus
so the origins should be carefully discussed. The delay t
dependence on the 397 nm pump pulse shows that the
nals are due to the photoexcited states. The delay time
pendence on the Raman pump pulse follows the temp
profile of the pulse. Therefore, the signals are due to
coherent process induced by the Raman pump pulse or
to a higher excited state with an ultrashort lifetime which
highly excited by the Raman pump pulse. The stimula
emission from the higher excited state can give the nega
signal. However, the Raman shift of each signal is not
fected by the change of the Raman pump wavelength.
observed signals are concluded to be due to the stimul
Raman scattering.

The Raman process is usually discussed on an assum
that a vibrational ground level is the initial state. The stim
lated Raman signal on the anti-Stokes side is positive in
case of off-resonant Raman pump and probe pulses~Raman
loss!, while the dispersive Raman signal has been obser
in the case of a near-resonant probe pulse.19 However, the
probe pulse used in this study was off resonance from
transient absorption peak at 570 nm. Moreover, the signa
the Stokes side is always negative~Raman gain! and cannot
have the dispersive shape even in the near-resonant case
dispersive signals observed on both the anti-Stokes
Stokes sides cannot be explained by the resonance.

Since the photoexcited state remains in the vibratio
excited levels in the femtosecond region, the effect mus

FIG. 3. Time-resolved Raman spectra on the Stokes side.
Raman gain signal appears negative.
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considered. The change of the vibrational quantum num
in the Raman process is usually positive (D l 511), because
the vibrational ground level is the initial state. When t
vibrational excited level is the initial state, the negati
change (D l 521) is available and the signal on the an
Stokes side becomes negative. The absorbance change d
the stimulated Raman process between two vibrational
els, l 5 j and l 5 j 11 ( j 50,1,2, . . . ), can berepresented
using a Lorentzian function as

DA~Dv!}6
nj2nj 11

~Dv2vv!21gv
2

, ~1!

whereDv is the Raman shift,nj and nj 11 are the popula-
tions in the respective vibrational levels, andvv andgv are
the frequency and the relaxation rate of the transition, resp
tively. The plus and minus signs correspond to the signals
the anti-Stokes and Stokes sides, respectively.

The dispersive signal around 1790 cm21 can be simu-
lated using two Lorentzian curves centered at 1770
1800 cm21 with a common bandwidth of 120 cm21. Figure
2~b! shows the temporal dependence of the signals.
1770 cm21 component appears as the negative signal wit
time constant of 0.35 ps. It increases with a time constan
0.6 ps and becomes positive. The negative 1800 cm21 com-
ponent appears with a time constant of 0.6 ps. The de
kinetics of both components can be represented by the 8.
lifetime. Therefore, both of the 1770 and 1800 cm21 com-
ponents are assigned to the 2Ag

2 state. The transient chang
of the sign at 1770 cm21 is explained by the vibrationa
relaxation from the upper level to the lower level. Just af
the photoexcitation, the larger population in the upper le
gives the negative signal. Then, the population of the low
level becomes larger with the vibrational relaxation and
signal becomes positive. The long-lived negative signa
1800 cm21 means that the 2Ag

2 state remains in the vibra
tional excited level longer than several picoseconds. It
assigned to the first vibrational excited level (l 51) of the
2Ag

2 state. The 0.6 ps relaxation is assigned to the vib
tional relaxation from the higher excited levels (l>2) to the
l 51 level.

The stimulated Raman signal and photoinduced ab
bance change have not changed the spectral features a
delay times longer than 2.0 ps. These results mean tha
vibrational relaxation from thel 51 level is slower than the
internal conversion to the ground state. The fast and s
vibrational relaxations of the 2Ag

2 state can be explained i
terms of the 1Bu

2 state. Since the 1Bu
2 state in the crystalline

b-carotene is 1880 cm21 above the 2Ag
2 state,4 it is ex-

pected to exist between thel 51 andl 52 levels of the 2Ag
2

state. The ultrafast vibrational relaxation until thel 51 level
is considered to be assisted by the 1Bu

2 state.
The 1520 cm21 signal due to the 1Ag

2 ground state de-
creases instantaneously with the photoexcitation. The rec
ery time is longer than the lifetime of the bleaching, 1563
ps. It is explained by the vibrational relaxation of the grou
state after the internal conversion from the 2Ag

2 state to hot
vibrational levels of the ground state.

he
1-3
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The relaxation kinetics inb-carotene is expressed usin
the energy diagram shown in Fig. 4. First, the 397 nm pu
pulse generates the vibrational excited levels of the 1Bu

1

state. Since the vibrational relaxation~redistribution! of the
1Bu

1 state is very fast,8,9 the initial photogenerated state o
served in this study is the lowest vibrational level of the 1Bu

1

state. The 1Bu
1 state converts to the 2Ag

2 state through the
1Bu

2 state with the time constant of 0.35 ps. The high
vibrational excited level (l 52) of the 2Ag

2 state is generated
at this time scale. The negative Raman signal at 1770 cm21

is assigned to the transition from thel 52 level to thel 51
level. Then, the vibrational relaxation from thel 52 level to
the l 51 level takes place with the time constant of 0.6
The 1770 cm21 signal changes to positive (l 51→ l 52)
and the negative 1800 cm21 signal (l 51→ l 50) appears.
The fast decay component of the absorption at 620 nm
explained by this relaxation. Therefore, the absorption p
at 570 nm is assigned to the transition from thel 51 level of
the 2Ag

2 state to a higher excited state. Finally, the inter

FIG. 4. Schematic energy diagram of all-trans-b-carotene and
relaxation kinetics after photoexcitation. The numbers in the 2Ag

2

state denote the vibrational levels.
o-
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conversion to the 1Ag
2 ground state takes place with th

lifetime of 8.8 ps followed by the vibrational relaxation o
the ground state.

The difference of the Raman shifts between thel 51↔ l
52 and l 50↔ l 51 transitions can be explained by the v
brational coupling. The vibrational excited levels of the 2Ag

2

and 1Ag
2 states in carotenoids are coupled through theC

5C stretching vibrational mode.16,17 The coupling pushes
down thel 51 level of the 1Ag

2 ground state and pushes u
the l 51 level of the 2Ag

2 state. The shift of thel 52 level of
the 2Ag

2 state is expected to be smaller than thel 51 level,
because the coupling between higher excited levels is ge
ally smaller. Therefore, the frequency of thel 51↔ l 52
transition is smaller than that of thel 50↔ l 51 transition.

The contradictory results observed in other caroteno
can be explained by the difference of the energy levels. T
slow and small spectral change observed in lycopene11 is
assigned to the slow vibrational relaxation from thel 51
level, because of its similar energy levels withb-carotene.4

The fast and large spectral changes observed in the
carotenoids10 are probably due to the vibrational relaxatio
to the l 50 level of the 2Ag

2 state. Since the separations
the energy levels become smaller in longer carotenoids,
1Bu

2 state in the long carotenoids is expected to beco
lower than thel 51 level of the 2Ag

2 state. Therefore, the
1Bu

2 state can assist the vibrational relaxation to thel 50
level.

In conclusion, the Raman signal of the 2Ag
2 excited state

in all-trans-b-carotene has been time resolved. The nega
stimulated Raman signal on the anti-Stokes side indica
that the vibrational excited levels of the 2Ag

2 state are gen-
erated after the photoexcitation. The vibrational relaxation
the 2Ag

2 state is very fast until thel 51 level, but that from
the l 51 level is slower than the internal conversion to t
ground state. The vibrational excited levels should be c
sidered on the energy transfer in the photosynthesis.
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