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Femtosecond ultraviolet-visible absorption study of all- trans ˜13-cis –9-cis
photoisomerization of retinal
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The all-trans→13-cis•9-cis photoisomerization reaction of retinal in aerated nonpolar solvents
has been studied by femtosecond time-resolved ultraviolet-visible~UV-VIS! absorption
spectroscopy. The excited-state absorption spectra in the wavelength region 400–800 nm indicate
that there is no all-trans→13-cis•9-cis isomerization reaction pathway that is complete in the
electronic excited singlet manifold ofS1 , S2 , and S3 . The ground-state bleaching recovery of
all-trans retinal monitored in the near UV~ultraviolet! wavelength region 310–390 nm shows that
a perpendicular excited singlet state (p* ) takes part in the all-trans→13-cis•9-cis isomerization
reaction. The lifetime ofp* is about 7 ps, and the precursor ofp* is most probably theS2 state. The
isomerization quantum yield derived from the femtosecond UV absorption data agrees well with
those determined by the HPLC analysis of the photoproduct. The temperature dependence of the
isomerization quantum yield indicates the existence of a potential-energy barrier as high as (1.2
60.6)3103 cm21 on the reaction pathway from theS2 state to thep* state. © 1998 American
Institute of Physics.@S0021-9606~98!00728-4#
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I. INTRODUCTION

Retinal, vitamin A aldehyde and the chromophore
light-sensitive proteins known as rhodopsins, is one of
well studied prototypical molecules exhibitingcis-transpho-
toisomerization. The spectroscopic and photochemical p
erties of retinal strongly depend on its surrounding envir
ment. Though organic solvents appear to provide simp
environments than proteins, the excited electronic struc
of retinal in organic solvents seems to be more complica
than that in rhodopsins. Thus, thecis-transphotoisomeriza-
tion reaction mechanism of retinal in organic solvents1 is
much less understood than that in proteins.2,3 It is of consid-
erable interest to look into the relationship between
excited-state electronic structure and the isomeriza
pathway/yield of retinal in organic solvents.

Retinal has four CvC double bonds in its polyenic
backbone; there are sixteen possiblecis-trans isomers asso-
ciated with it including the all-trans and four mono-cis iso-
mers. It is known that all of these isomers in solution u
dergocis-trans isomerization upon UV irradiation.4 In this
paper, we focus on the all-trans→13-cis•9-cis isomeriza-
tion in aerated nonpolar solvents. The quantum yield of
all-trans→13-cis and the all-trans→9-cis isomerization
upon direct photoexcitation are;0.1 and ;0.02,

a!Present address: Analytical Sciences Laboratory, Yokohama Rese
Center, Mitsubishi Chemical Corporation, 1000 Kamoshida, Aoba, Yo
hama 227, Japan.

b!Author to whom correspondence should be addressed. Electronic
hhama@chem.s.u.-tokyo.ac.jp
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respectively.5,6 Ganapathy and Liu investigated the relatio
between the photoisomerization quantum yield and the c
centration of the all-trans isomer by using high performanc
liquid chromatography~HPLC!.6 They found no concentra
tion dependence of the all-trans→13-cis•9-cis isomeriza-
tion quantum yield in aerated solutions upon direct photo
citation. This result indicates that the reaction
unimolecular. Both the excited singlet and triplet states c
take part in the photoisomerization. According to our nan
second time-resolved Raman studies, the photoexcitatio
the all-trans, 7-cis, 9-cis, and 11-cis isomers in aerated hex
ane results in an identical Raman spectrum at 20 ns a
photoexcitation.7 This Raman spectrum has bee
ascribed to the T1 all-trans isomer. Though the
7-cis(or 9-cis,11-cis)→all-trans isomerization proceeds
via the lowest excited triplet (T1) manifold, the all-trans
isomer did not seem to isomerize in theT1 state~‘‘one-way’’
isomerization!. This conclusion was supported by subsequ
picosecond time-resolved absorption8 and picosecond
2D-CARS9 studies. We have recently proved by submicr
second time-resolved IR~infrared! spectroscopy that there i
no isomerization reaction taking place in theT1 state when
the all-trans isomer is the starting material.10 According to
our result,T1 all-trans retinal is generated upon direct pho
toexcitation within the time resolution of the experiment~50
ns! and decays exclusively to the all-trans isomer in the
ground state~S0 all-trans! with the time constant of 5ms.
TheS0 13-cis andS0 9-cis isomers are also generated with
the time resolution and do not decay at all. It is conclud
that the all-trans→13-cis•9-cis isomerization does no

rch
-

il:
7 © 1998 American Institute of Physics
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 This a
take place in theT1 state; in other words, it proceeds via th
excited singlet manifold.

Three excited singlet states are known to exist in
low-energy region of all-trans retinal up to
30 000 cm21.11–21 Though the state ordering is still unclea
there are surely aBu

1 (p,p* ) state, anAg
2 (p,p* ) state, and

an (n,p* ) state in the low-lying excited singlet manifold
Polarized UV-VIS absorption spectroscopic study of crys
line all-trans retinal by Drikos et al.12–14 and two-photon
fluorescence excitation spectroscopy by Birgeet al.16,17 sug-
gested that the lowest excited singlet (S1) state was of
Ag

2 (p,p* ) character. On the other hand, fluorescence sp
troscopy of hydrogen-bonded retinal by Takemuraet al.pos-
tulated that an (n,p* ) state was the lowest excited singl
state.11 The kinetics of the excited singlet states have be
studied by picosecond time-resolved absorption and fluo
cence spectroscopies.22–24 Our recent femtosecond time
resolved VIS absorption measurement has revealed the
ence of two excited singlet states~S3 , S2! that precedeS1 .25

Larsonet al. suggested the assignments of theS3 , S2 , and
S1 states toBu

1 (p,p* ), Ag
2 (p,p* ), and (n,p* ), respec-

tively, based on their femtosecond absorption kinet
study.26 Very recently Takeuchi and Tahara performed fe
tosecond time-resolved fluorescence up-conversion spec
copy and found that the transient species of the shortest
time emitted the strongest fluorescence. They concluded
the S3 state of all-trans retinal was of Bu

1 (p,p* )
character.27

The purpose of this paper is to clarify the all-trans
→13-cis•9-cis isomerization mechanism of retinal in ae
ated nonpolar solvents. The femtosecond time-resolved
absorption spectra of all-trans, 9-cis, and 13-cis retinal in
hexane have been measured. Nocis singlet spectra were ob
served when the all-trans isomer was photoexcited. Thi
finding motivated us to perform femtosecond time-resolv
absorption spectroscopy in the UV region which can mon
the ground-state recovery of the starting all-trans isomer.
Two time constants were found in the bleaching recovery
which one was coincident with theT1 lifetime. The other
time constant was longer than theS2 lifetime but shorter than
that of theS1 state. This time constant of the bleaching r
covery is most likely to correspond to the lifetime of a pe
pendicular excited singlet state. Detailed discussion on
all-trans→13-cis•9-cis isomerization reaction of retinal i
presented on the basis of these newly obtained experime
data.

II. EXPERIMENT

Hexane and cyclohexane~HPLC grade! were purchased
from Kanto Chemical Co. or Wako Chemical Co. and us
as received. All the solvents were aerated. Commercial
nal ~Sigma Chemical Co.! was used without further purifica
tion. The retinal samples were analyzed for isomeric com
sition before and after the time-resolved spectrosco
measurements by using HPLC. The isomeric composition
the all-trans retinal sample before~and after! the measure-
ments was as follows: all-trans, 98.3%~97.5%!; 13-cis, 1.7%
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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~2.5%!. The same quantity of the 13-cis retinal sample was
as follows: 13-cis, 99.2% ~97.9%!; all-trans, 0.5% ~1.7%!;
9-cis, 0.0% ~0.1%!; 7-cis, 0.3% ~0.3%!.

The femtosecond time-resolved pump–probe UV-V
absorption spectra of the retinal isomers were measure
the wavelength range 310–390 nm and 400–800 nm by
ing the femtosecond laser system described elsewhere28,29

Hexane or cyclohexane solution~231023 mol dm23, vol-
ume 0.2 dm23! was ejected from a jet nozzle to make a th
flat film suitable for the transient absorption measureme
The solution was photoexcited by the pump pulse at 400
with excitation energy density of 2310 J m22. The VIS
wideband probe was generated by focusing intense 800
femtosecond pulses into water. The UV wideband probe w
obtained by replacing the 800 nm pulses with the 400 n
The time resolution was;0.3 ps both in the VIS and UV
wavelength region. A set of time-resolved spectra consis
of 70 time-delay points from24 to 120 ps. The exposur
time of the CCD~charge coupled device! was 1 s, and the
number of the exposures at each time delay point was five
chirp correction was performed by using the optical Ke
effect ~OKE! cross-correlation method29 to make the final
time-resolved spectra. The VIS absorption measurem
were done at 29362 K. As will be described later, the
all-trans→13-cis•9-cis isomerization total quantum yield
is obtained from the femtosecond UV absorption data.
order to investigate the temperature dependence of the q
tum yield, the solution temperature in the UV absorpti
measurements was set at four different points: 269, 273, 2
and 29862 K.

III. RESULTS

A. Femtosecond time-resolved VIS absorption
spectra

In Fig. 1, fourteen representative femtosecond tim
resolved VIS absorption spectra of all-transretinal in aerated
hexane are shown. The spectra are shown in the form
difference spectra. The positive signals correspond to
photoinduced increase of absorbance which is caused
transitions from excited states to higher excited states.
negative signals correspond to the photoinduced decreas
absorbance which is caused by ground-state bleaching an
stimulated emission gain. Stimulated Raman loss~inverse
Raman! may also contribute to the positive signals a
stimulated Raman gain to the negative signals.

There are several salient features in the time-resol
spectra in Fig. 1. First of all, the absorption band around 4
nm at 100 ps after the photoexcitation is very distinct a
undoubtedly assigned to theTn←T1 absorption.8,25,30,31As
mentioned in Sec. I, theT1 species has exclusively the al
trans configuration when theS0 all-trans isomer is the start-
ing material.7–10,31 The absorption band around 450 nm
Fig. 1 is ascribed to theT1 all-trans isomer. The band shap
and the peak position of this band agree well with those
the literature.8,30,32,33Broad absorption bands in the subpic
second time range are other features to be noted in the s
tra in Fig. 1. These bands of all-trans retinal were observed
first by Hochstrasseret al. in 1976,22 and there was no fur-
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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ther report until our letter was published in 1996.25 It is
likely that the excited singlet states contribute to these br
bands, but no definitive assignments have been performe
detailed kinetics analysis is necessary to obtain more ins
into the singlet electronic structure of retinal from the tim
resolved spectra in Fig. 1.

When two or more transient species are involved in o
set of time-resolved spectra just like the present case,
singular value decomposition~SVD! analysis combined with
fitting procedures is often useful for its kinetics analysis. T
methods and the advantages of the SVD analysis have
briefly reviewed by Chen and Braiman34 and there have bee
many examples in various fields which show the usefuln
of SVD.10,25,35–38In SVD, a set of time-resolved spectra
treated as a matrix. Let this matrix be written asA of which
the i th row vector corresponds to the spectrum at thei th time
delay point. The SVD analysis yields several SVD comp
nents fromA, and each SVD component has its singu
value~scalar!, its spectrum~column vector!, and its temporal
evolution ~column vector!. A is expressed as follows:

A5(
i 51

Vi t i
tsi , ~1!

whereVi is the singular value of thei th SVD component,si

is the spectrum of thei th SVD component, andt i is the

FIG. 1. Femtosecond time-resolved VIS absorption spectra of all-trans reti-
nal in hexane at various time delays.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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temporal evolution of thei th SVD component. All the sin-
gular values are positive, andVi.Vj if i , j . $si% and$t i% are
both normalized orthogonal sets;tsisj5d i j and tt i t j5d i j . In
Eq. ~1!, the contribution of thei th SVD component toA is
determined byVi . SVD components with smaller singula
values are less significant. We have only to take into acco
the SVD components having large singular values. T
omission of the SVD components with small singular valu
is effective in simplifying the analysis and removing nois
This is one of the advantages of the SVD analysis.

The SVD of the set of the time-resolved spectra in Fig
yielded four principal singular values as shown in Fig. 2. T
fifth and the higher singular values were almost zero a
regarded as noise. In order to obtain physically meaning
temporal evolutions and the corresponding spectra from
SVD components, we start with the following kinetic
scheme for the photophysics of all-trans retinal:

S0 ——→
hv

S3 ——→
f3g3

S2 ——→
f2g2

S1 ——→
f1g1

T1 . ~I!

Here it is assumed that only theS3←S0 transition is one-
photon allowed. This assumption is based on the result
femtosecond time-resolved fluorescence up-conversion s
troscopy by Takeuchi and Tahara.27 According to their con-
clusion, theS3 state of all-trans retinal is of Bu

1 (p,p* )
character and theS3←S0 transition contribute to about 96%
of the ground-state absorption. The contribution of the dir
S2←S0 photoexcitation is small and disregarded in t
present analysis.39 The simplest relaxation schemes are a
sumed among the three excited singlet states: TheS3 state
relaxes to theS2 state with the quantum efficiencyf3 and
the lifetime g3

21, S2 to S1 with f2 and g2
21, andS1 to T1

with f1 and g1
21. Since the maximum time delay after th

photoexcitation in the present experiments is about 100 p
is unnecessary to take into account the relaxation of theT1

FIG. 2. Singular values obtained from the SVD analysis of the tim
resolved VIS spectra of all-trans retinal in hexane.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
state.9 According to Kinetics Scheme~I!, the time-delay de-
pendence of the population of each electronic state is
pressed as follows:

@S3#5e2g3t, ~2!

@S2#5
f3g3

g32g2
~e2g2t2e2g3t!, ~3!

@S1#5
f2f3g2g3

~g22g1!~g32g1! S e2g1t2
g32g1

g32g2
eg2t

1
g22g1

g32g2
e2g3tD , ~4!

@T1#5f1f2f3H 12
g2g3e2g1t

~g22g1!~g32g1!

1
g1g3e2g2t

~g22g1!~g32g2!
2

g1g2e2g3t

~g32g1!~g32g2!J , ~5!

whered-function-like photoexcitation att50 is assumed and
theS3 population directly generated by the photoexcitation
set to be unity. All the populations are zero fort,0. There is
a relation among the populations of the five electronic sta
involved in Kinetics Scheme~I!:

@S0#52@S3#2@S2#2@S1#2@T1#, ~6!

where theS0 population@S0# is always negative. The term
‘‘population’’ in this paper stands for the difference betwe
the population with and without photoexcitation. Though t
five electronic states are involved in Kinetics Scheme~I!,
four SVD components are enough because@S0# is expressed
as a linear combination of the other four populations. T
number of SVD components that have to be taken into
count does not always coincide with that of transient spec
since all the populations of transient species are not alw
linearly independent just like the present case, while all
temporal behaviors of SVD components have to be linea
independent.

We now derive the populations and the spectra of
transient species (S3 ,S2 ,S1 ,T1) from $t i%1< i<4 and
$si%1< i<4 of the SVD components: The product of thei th
singular value and the temporal evolution of thei th SVD
component,Vi t i , is fitted to the following model function:

ci4@S3#1ci3@S2#1ci2@S1#1ci1@T1#, ~7!

of which the fitting parameters ar
g1 ,g2 ,g3 ,ci1 ,ci2 ,ci3 ,ci4 . The parametersg1 ,g2 ,g3 have
to be common to all the four SVD components. The quant
efficiencies,f1 ,f2 ,f3 , are not determined by the fittin
procedure. In the practical fitting procedure, the model fu
tion of Eq.~7! is convoluted with a Gaussian function whic
represents the instrumental response. The relation betw
$t i%1< i<4 and the populations of the transient species is
pressed by using the converged fitting parametersci j as fol-
lows:
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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S V1
tt1

V2
tt2

V3
tt3

V4
tt4

D 5CS tT1pop
tS1pop
tS2pop
tS3pop

D . ~8!

whereC is a matrix whose (i , j ) component isci j , S3pop is a
column vector whosei th component is theS3 population at
the i th time delay point, and so areS2pop , S1pop , T1pop .
The populations of the transient species are finally reco
posed from$t i%1< i<4 as follows:

S tT1pop
tS1pop
tS2pop
tS3pop

D 5C21S V1
tt1

V2
tt2

V3
tt3

V4
tt4

D . ~9!

The spectra of the transient species have to satisfy the
lowing equation:

A5S3pop
tS3spe1S2pop

tS2spe1S1pop
tS1spe1T1pop

tT1spe,
~10!

whereS3spe is a column vector and stands for the absorpt
spectrum of theS3 state. Thei th component ofS3spe corre-
sponds to absorbance at thei th wavelength point, and the
same forS2spe, S1spe, andT1spe. By using Eqs.~1!, ~9!, and
~10!, the spectra of the transient species are recomposed
$si%1< i<4

S tT1spe
tS1spe
tS2spe
tS3spe

D 5 tCS ts1
ts2
ts3
ts4

D . ~11!

The SVD analysis of the 70 time-resolved spectra
all-trans retinal in hexane gives the absorption spectra a
the population changes shown in Figs. 3~a!–3~h!. In the
analysis,f2 was fixed to 0.74, andf1 andf3 were put equal
to unity. Note that the triplet quantum yield~which is equal
to f1f2f3! of all-trans retinal in hexane at room tempera
ture is going to be determined later in this paper to be 0.
It is also shown later thatf1 is equal to one. Nearly identica
spectra and populations were also obtained in the cas
all-trans retinal in cyclohexane. This means that hexane a
cyclohexane provide similar environments for the excite
state dynamics of retinal. Time constants obtained fr
twelve independent measurements and analyses are giv
Table I.

The spectrum in Fig. 3~d! is identical with the known
Tn←T1 absorption spectrum of all-trans retinal in nonpolar
solvents.8,25,30–33TheT1 lifetime is much longer than 100 p
and is fixed to infinity in the fitting procedures. The spectru
in Fig. 3~c! corresponds to theSn←S1 absorption spectrum
though the band shape looks strange. It will be shown la
that the main band of theSn←S1 absorption lies in the wave
length range 350–400 nm, and only the band edge appea
Fig. 3~c!. The S1 lifetime, 3262 ps, agrees well with the
literature values.8,22,24 It also agrees with theT1 rise time,
indicating that theS1 state is the precursor of theT1 all-trans
isomer and that theS1 state is most likely to be in the all
trans configuration. TheS1 rise time, which is equal to the
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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FIG. 3. Spectra@~a!–~d!# and populations@~e!–~h!# of the four transient species obtained from the time-resolved VIS spectra of all-trans retinal in hexane.
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S2 lifetime, is obtained as 0.7360.2 ps. This value is smalle
than the value reported in our previous letter~1.2 ps!25 and
that recently reported by Larsonet al. ~1.8 ps!,26 but larger
than that determined by Takeuchi and Tahara (0
60.02 ps) using the fluorescence up-conversion techniqu27

In our previous letter, only three SVD components we
taken into account because of a lower signal to noise r
and a narrower wavelength range measured.25 An exponen-
tial time constant in the SVD analysis is strongly influenc
by the number of components.34 We believe that the presen
value is more reliable than the previous one. We have

TABLE I. Excited-state lifetimes of all-trans retinal in hexane at 293 K
obtained from the fetosecond time-resolved VIS absorption spectra.

State Lifetime

S3 0.03 ps~fixed!
S2 0.7360.2 ps
S1 3262 ps
T1 ` ~fixed!
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

130.39.62.90 On: Fri, 29
7
.
e
io

o

clear idea why theS2 lifetime in the present study does no
agree with that in the fluorescence up-conversion stud27

even if experimental errors are taken into account. The tr
sient species exhibiting the spectrum in Fig. 3~b! and the
population change in Fig. 3~f! is the precursor ofS1 all-trans
retinal and is naturally assigned to theS2 all-trans isomer.
The broad absorption bands in the subpicosecond time
gion in Fig. 1 is due to theSn←S2 absorption spectrum. The
S2 rise time or theS3 lifetime is too short to be determine
by the present analysis. It is fixed to the value, 0.03
reported by Takeuchi and Tahara.27 This means that we hav
no clear evidence in the present study that theS2 state is
generated only from theS3 state, as assumed in Kinetic
Scheme~I!. There remains a possibility that some portion
the S2 population is directly generated by the photoexci
tion. The spectrum in Fig. 3~a! is assigned to theSn←S3

absorption spectra. The band shape of theSn←S3 absorption
is distinct from that of theSn←S2 absorption. The vibra-
tionally excitedS2 state (S2* ) does not seem to contribute t
the absorption band in Fig. 3~a!. Note that vibrational exci-
tation most often causes only broadening of an absorp
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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band.28,40,41The small negative band at wavelength 454 n
in Fig. 3~a! is the impulsive stimulated Raman gain sign
assigned to the CH stretching modes of hexane. The Ra
gain process is also instantaneous in the present time re
tion and has the same temporal evolution as that of theS3

population. Two possibilities are considered for the nega
signals around 407 nm in Fig. 3~a!; the ground-state bleach
ing or the stimulated emission gain. It will be shown later
the femtosecond time-resolved UV spectra that negative
nals due to the ground-state bleaching is not expected t
large in the wavelength range longer than 400 nm. Theref
the stimulated emission gain is more likely than the grou
state bleaching.

B. Femtosecond time-resolved UV absorption spectra

Fourteen representative femtosecond time-resolved
absorption spectra of all-trans retinal in hexane at 298 K an
those at 269 K are shown in Figs. 4~a! and 4~b!, respectively.
The femtosecond time-resolved absorption spectra in
near UV region are reported for the first time to the best
our knowledge. Since the ground-state absorption band
all-trans retinal exist in the wavelength range 310–390 n
we expect that negative signals due to the ground-s
bleaching dominate the spectra. The bleaching band sha
100 ps after the photoexcitation is in agreement with t
measured by Veyretet al.with nanosecond time resolution.33

In the time range 0.6–20 ps, positive signals are observe
the wavelength range longer than 370 nm. Similar meas

FIG. 4. Femtosecond time-resolved UV absorption spectra of all-trans reti-
nal in hexane at various time delays at~a! 298 K and~b! 269 K.
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130.39.62.90 On: Fri, 29
l
an
lu-

e

g-
be
e,
-

V

e
f
of
,
te
at
t

in
e-

ments were performed with a cyclohexane solution at 293
which gave nearly identical spectra with those in hexane
298 K. This once again confirms our idea that hexane
cyclohexane give similar environments for all-transretinal in
the excited electronic states.

The SVD analysis of the femtosecond time-resolved U
absorption spectra in Figs. 4~a! and 4~b! gave two series of
singular values as shown in Fig. 5. We recognize two pr
cipal singular values in both of these two series. The th
and higher SVD components are disregarded. As sho
above, the time-resolved VIS absorption spectra of all-trans
retinal have been successfully interpreted in terms of Kin
ics Scheme~I!. The five transient species of which four a
linearly independent are involved in Kinetics Scheme~I!. It
is now necessary to identify the two transient species
contribute to the time-resolved UV spectra. One is definit
the S0 state, because the negative signals in Fig. 4 mus
due to the ground-state bleaching. The other is most likely
be theS1 state which has a 32 ps lifetime that corresponds
the observed positive signals. The fitting of the two princip
temporal evolutions of the SVD components were carr
out as in the case of the VIS spectra. It turned out that
fitting was successful only when the following model fun
tions were assumed for theS1 andS0 populations:

f S1~ t !5e2g1t2e2g2t, ~12!

f S0~ t !5212Ae2gpt. ~13!

Equation~12! is derived from Eq.~4! by using the relation
g3@g2 . The physical meaning of Eq.~13! and the new pa-
rametersA andgp will be discussed later.

Figure 6 shows the spectra and the population chan
of theS1 andS0 states of all-trans retinal in hexane at 298 K
obtained by the SVD analysis of the spectra in Fig. 4~a!. The
three time constants (g2

21,g1
21,gp

21) and the parameterA
determined from eight independent measurements are as
lows: g2

2150.5660.05 ps, g1
2153163 ps, gp

2157.2

FIG. 5. Singular values obtained from the SVD analysis of the tim
resolved UV spectra of all-trans retinal in hexane at 298 K~solid circles!
and 269 K~open circles!.
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FIG. 6. Spectra@~a! and~b!# and populations@~c! and~d!# of the two transient species obtained from the time-resolved UV spectra of all-transretinal in hexane
at 298 K.
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62 ps, A50.3660.08. The two time constants,g2
21 and

g1
21, are in good agreement with those determined from

VIS spectra within experimental uncertainties. It is co
firmed that the transient species showing the spectrum in
6~a! and the population in Fig. 6~c! is the sameS1 all-trans
isomer as that identified in the analysis of the VIS data.
seen from Fig. 6~a!, a strongSn←S1 absorption is located in
the wavelength range 360–390 nm. The negative popula
in Fig. 6~d! is ascribed to the ground-state bleaching. Thou
the instantaneous decrease of theS0 population in Fig. 6~d!
is consistent with the depletion of theS0 all-trans isomer by
the photoexcitation, its recovery with the time constant of
ps (5gp

21) has to be accounted for. The most simple a
reasonable modification of Kinetics Scheme~I! is to assume
that an intermediate having a lifetimegp

21 exists and that it
exclusively decays toS0 . The symbolp* is hereafter used to
designate this intermediate. As discussed later, thep* state is
considered to be the ‘‘perpendicular excited singlet sta
which plays an essential role in the process of isomerizat
Either theS3 or theS2 state can be the precursor ofp* , since
the lifetime of p* (gp

21) is longer than those ofS3 and S2

but is shorter than those ofS1 andT1 . Here we assume tha
theS2 state is the precursor ofp* . This is to assume that th
isomerization proceeds from theS2 state. Then, we need t
add to Kinetics Scheme~I! an extra relaxation pathway of th
S2 state

S0 ——→
hv

S3 ——→
g3

S2 ——→
f2g2

S1 ——→
g1

T1

S2 ——→
~12f2!g2

p* ——→
gp

S0 . ~II !

TheS0 andp* populations in Kinetics Scheme~II ! are given
as follows:

@S0#52@S3#2@S2#2@S1#2@T1#2@p* #, ~14!
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@p* #5
~12f2!g2g3

~g22gp!~g32gp! S e2gpt2
g32gp

g32g2
e2g2t

1
g22gp

g32g2
e2g3tD . ~15!

By substituting Eqs.~2!–~5! and~15! for Eq. ~14! and using
the relationsg3@gp andg2@gp , Eq. ~14! is reduced to Eq.
~13!. Thus, the kinetics assumed in the SVD analysis of
UV absorption spectra, Eqs.~12! and~13!, are derived from
Kinetics Scheme~II !. We also have a relation betweenf2

andA as follows:

f25
1

11A
. ~16!

The S1 and T1 quantum yields are given by 1/(11A), and
that ofp* by A/(11A). There is noS1→S0 relaxation path-
way (f151) as indicated by the constantS0 population for
t.20 ps.

The SVD analyses of the femtosecond UV spectra
all-trans retinal in hexane at lower temperatures were p
formed in similar ways. It was found in the actual fittin
procedures thatgp was nearly independent of temperatu
while A was not. Bothgp andA were determined by a sma
fraction of the data in the time range 0–20 ps@see Fig. 6~d!#,
and it was not possible to determine these two quanti
simultaneously with small uncertainties. Therefore,gp

21 was
fixed to 7.2 ps in order to determine the temperature dep
dence ofA as exact as possible. The spectra and the pop
tions of theS1 andS0 all-trans species in hexane at 269 K
are shown in Fig. 7. The amplitudeA of the S0 recovery in
Fig. 7~d! is much smaller than that in Fig. 6~d!. TheS1 decay
in Fig. 7~c! is slower than that in Fig. 6~c!. The converged
values of the fitting parameters,g2

21, g1
21, A, obtained from

several independent measurements at four temperature
given in Table II.
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FIG. 7. Spectra@~a! and~b!# and populations@~c! and~d!# of the two transient species obtained from the time-resolved UV spectra of all-transretinal in hexane
at 269 K.
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IV. DISCUSSION

All the femtosecond time-resolved spectra, both in
VIS and UV wavelength regions, have been successfully
terpreted by the SVD analysis based on Kinetics Scheme~II !.
This scheme is fully consistent with the assignment of theS3

state toBu
1 (p,p* ) which was recently verified by femto

second time-resolved fluorescence up-convers
spectroscopy.27 The other two excited singlet states,S2 and
S1 , are most likely to beAg

2 (p,p* ) and (n,p* ), respec-
tively. It has been shown by an electron spin echo exp
ment that theT1 state of all-trans retinal is of (p,p* )
character.42 The very fastS1→T1 intersystem crossing~32
ps! is indicative of a direct process1(n,p* )→3(p,p* ),
suggesting that theS1 state is of (n,p* ) character. TheS2

state is then considered to be ofAg
2 (p,p* ) character.

Kinetics Scheme~I! starts from theS0 state with the
all-trans configuration and ends with theT1 state having the
same configuration. It is, therefore, natural to assume tha
three excited singlet states have also the all-trans configura-
tion. In order to check whether othercis excited states are
involved in the all-trans VIS spectra~Fig. 1! as minor com-
ponents, the products of the spectra and the population
the S3 , S2 , S1 , andT1 states~Fig. 3! were subtracted from
the raw all-trans VIS spectra. The resultant residual spec
are shown in Fig. 8 together with the raw femtosecond tim
resolved VIS absorption spectra of 13-cis retinal in hexane.
There are no meaningful bands in the residual spectra, sh

TABLE II. Converged fitting parameters in the analyses of the femtosec
time-resolved UV absorption spectra of all-trans retinal in aerated nonpola
solvents at four different temperatures.

Temperature/K S2 lifetime/ps S1 lifetime/ps A

298 0.5660.05 3163 0.3660.08
293 0.4760.05 3161 0.2960.04
273 0.5360.05 4262 0.2160.01
269 0.4960.02 4261 0.1860.02
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

130.39.62.90 On: Fri, 29
e
-

n

i-

he

of

-

w-

ing that the femtosecond time-resolved VIS absorption sp
tra of all-transretinal are fully explained by Kinetics Schem
~I!. This means that no 13-cis excited-state species as a ph
toisomerization product is observed in the all-trans VIS
spectra. We have no evidence for the all-trans
→13-cis•9-cis photoisomerization pathway that is com
plete in the electronic excited states. It is, therefore, nec
sary to figure out another reaction mechanism that is
complete in the excited singlet states.

Now we consider an isomerization scheme shown in F
9, which involves thep* state as the key intermediate. In th
scheme, the isomerization proceeds from theS2 state to the
perpendicular excited singlet state,p* , which finally gives
the trans and cis isomers in the ground state in a near
50/50 ratio. The isomerization scheme shown in Fig. 9
fully consistent with Kinetics Scheme~II ! as will be shown
later. All-trans retinal in nonpolar solvents undergoe
isomerization to both the 13-cis and 9-cis isomers. There-
fore, strictly speaking, we should consider two different p
pendicular configurations of which one is twisted about
C13vC14 double bond and the other about the C9vC10

double bond. However it is sufficient to assume only t
former perpendicular state because~i! the 13-cis quantum
yield is about 5–10 times higher than the 9-cis quantum
yield, and~ii ! the signal to noise ratio in the present femt
second time-resolved UV absorption data is not sufficien
assume two different perpendicular states with different li
times. Therefore, the isomerization scheme in Fig. 9 does
distinguish the 13-cis and 9-cis isomers. The reaction mecha
nism is then the same as that of thetrans→cis photoi-
somerization of stilbene. Thep* state decays to the perpen
dicular ground state,p, which is then deactivated to give th
transandcis isomers in the ground state in a 50/50 ratio. T
decay rate ofp is assumed to be much larger than that ofp* ,
(7.2 ps)21. The lifetime of the perpendicular excited singl
state of stilbene is thought to be much shorter than
picosecond43–45 while that of trans-1, 18-biindanylidene

d
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FIG. 8. ~a! Residual spectra of all-trans retinal in hexane at various time
delays obtained by subtracting the contribution of the four transient spe
in Fig. 3 from the raw spectra in Fig. 1.~b! Femtosecond time-resolved VIS
absorption spectra of 13-cis retinal in hexane at various time delays.

FIG. 9. All-trans→mono-cis photoisomerization reaction scheme of re
nal in aerated nonpolar solvents.
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~stiff stilbene! is about 10 ps.46 The excited singlet state o
tetraphenylethylene, for which the perpendicular configu
tion is confirmed by nanosecond time-resolved Ram
spectroscopy,47 has a lifetime of 3 ns.48 The 7 ps lifetime of
the p* state of retinal is well in the range of the reporte
lifetimes of the excited singlet perpendicular states of olefi

According to the isomerization scheme in Fig. 9, t
total quantum yield of the all-trans→13-cis•9-cis photoi-
somerization,f iso , can be derived from the femtosecon
UV data as follows:

f iso5
1

2
•

A

11A
. ~17!

Note thatf iso is half of the quantum yield ofp* . The tem-
perature dependence of the all-trans→13-cis•9-cis pho-
toisomerization total quantum yield is obtained from Eq.~17!
and Table II as shown in Fig. 10. The total quantum yie
upon direct photoexcitation measured by HPLC5,6 are also
shown together. The total quantum yields at the four diff
ent temperatures obtained in the present time-resolved s
troscopic measurements agree well with the literature valu
This agreement strongly supports the present isomeriza
scheme in Fig. 9.

The sameS0 recovery kinetics@Eq. ~13!# is obtained if
we assume that theS3 state rather than theS2 state is the
precursor ofp* . This means that we cannot unequivoca
determine the isomerization pathway solely from the pres
femtosecond UV data. However, the fact that the isomer
tion quantum yield decreases with decreasing tempera
means that thermal excitations are involved in the proces
the p* formation. TheS3 lifetime, which has been reporte
as 0.03 ps,27 is too short to be associated with any kind

es

FIG. 10. Temperature dependence of all-trans→13-cis•9-cis photoi-
somerization total quantum yield obtained from the femtosecond UV d
~solid circles!. The isomerization quantum yields upon direct photoexci
tion measured by HPLC are shown together: Open circles, W. H. Wad
and K. Chihara~Ref. 5!; solid triangle, S. Ganapathy and R. S. H. Liu~Ref.
6!.
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thermal excitations. It is considered that the precursor ofp*
is the S2 state. Then, the total quantum yield is determin
by two rate constants in the following way:

f iso5
1

2
•

g2→p*
g2→11g2→p*

, ~18!

whereg2→1 is theS2→S1 internal conversion rate consta
andg2→p* is theS2→p* decay rate constant, and the equ
tion g25g2→11g2→p* has to be satisfied. The temperatu
dependence off iso in Fig. 10 means thatg2→p* decreases a
the temperature decreases. The most straightforward wa
introduce the temperature dependence ofg2→p* is to use a
transition-state expression as follows:

g2→p* 5a2→p* expS 2
Ea

kBTD , ~19!

wherea2→p* is the rate at a high-temperature limit,Ea is an
activation energy, andT is temperature. On the assumptio
that g2→1 is independent ofT, an Arrhenius-type relation is
obtained by using Eqs.~18! and ~19!:

logS 1

2f iso
21D5

Ea

kBT
1 logS g2→1

a2→p*
D . ~20!

Plotting log(221fiso
2121) versusT21 as shown in Fig. 11, we

obtain Ea as (1.260.6)3103 cm21 (1467 kJ mol21). The
data of Waddell and Chihara gave 7.63102 cm21. The
presentEa value is similar to the activation energy for th
trans→perpendicular reaction pathway ofS1 stilbene
(1200 cm21).49–53However,g2→p* at 298 K is estimated to
be about (2 ps)21 which is more than ten times larger tha
the trans→perpendicular reaction rate ofS1 stilbene.50,52,53

It is of great importance to check whether such an ultra
process can still be interpreted in terms of the ordin
transition-state formalism that assumes the equilibrium
tween the reactant and the transition state. The present
are not good enough to bring up a new temperatu

FIG. 11. Arrhenius plot to obtain the activation energy of all-trans
→13-cis•9-cis isomerization. Two dashed lines correspond to the er
range of the activation energy.
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dependence expression ofg2→p* instead of Eq.~19!. At the
present stage, it is appropriate to ascribe the temperature
pendence of the quantum yield to the existence of an ene
barrier.

In Table II, we see the temperature dependence of theS2

andS1 lifetimes. Sinceg2→1 is about four times larger than
g2→p* , the S2 lifetime depends onT only weakly. TheS2

lifetime change on going from 269 to 298 K is estimated
0.05 ps by using the relationg25g2→11a2→p*
exp(2Ea /kBT). The experimental errors of theS2 lifetime in
Table II are too large to know whether theS2 lifetime de-
pends onT or not. The observedS1 lifetime change is larger
than the experimental errors. TheS1 lifetime becomes longer
with decreasing temperature. This temperature depend
of the S1 lifetime is already well-known. The nonradiativ
T1→S0 intersystem crossing rate generally decreases w
decreasing temperature. On the assumption ofg1

}exp(2ES1→T /kBT), the activation energy of theS1→T1 in-
tersystem crossing (ES1→T) is estimated as 63102 cm21. It
seems that the intersystem crossing from theS1 state to the
T1 state in all-trans retinal is accompanied with a structur
change along a coordinate other than that of the double-b
isomerization.

There are two independent ways to obtain temperatu
dependentS1 quantum yield,fS1 , from the femtosecond UV
data. Using Eq.~16!, fS1 is directly obtained fromA whose
temperature dependence is given in Table II. In addition,
relative value offS1 is also obtained from the ratio of th
area of theS1 absorption band@Figs. 6~a! and 7~a!# to that of
theS0 @Figs. 6~b! and 7~b!#. The temperature dependentfS1

values obtained by the former method and those by the la
with a proper scaling factor are compared in Fig. 12. Th
approximately coincide with each other. The coincidence
the independently obtainedfS1 values strongly supports th
present isomerization scheme. Note thatfS1 in the present
scheme is equal to the triplet quantum yieldfT . The ob-
tained fT or fS1 value at 298 K is 0.7460.04 which is
slightly higher than the reportedfT values which ranged
from 0.43 to 0.7.32,33,54–56All the reportedfT values were
obtained by means of theTn←T1 absorption measuremen
with nano- and microsecond time resolution. In the analy
of the Tn←T1 absorption spectrum, it was necessary to
sume the molar absorption coefficient ofT1 all-trans retinal
and the effects of multiple excitation had to be taken in
account. The femtosecond UV absorption analysis does
need any assumption, and therefore, the presentfT value is
more trustworthy than the previously reported values.

We now consider how the isomerization scheme in F
9 becomes compatible with Kinetics Scheme~II ! in which
isomerization is not included. An ideal SVD analysis of t
femtosecond UV data based on the isomerization schem
Fig. 9 requires three components, theS1 all-trans, S0 all-
trans, andS0 13-cis isomers, but in fact only two SVD com
ponents were obtained experimentally. It is already shown
the present SVD analysis of the UV data that theS1 andS0

all-trans species contribute to the two leading SVD comp
nents. It is unlikely that all the contribution of theS0 13-cis
isomer to the SVD components was neglected in the pre
SVD analysis, because theS0 absorption spectra of the all

r
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trans and 13-cis isomers are nearly identical. On the co
trary, it is highly likely that most of the contribution of th
S0 13-cis isomer has already been taken into account in
present SVD analysis, and what was neglected is the co
bution of the difference spectrum between theS0 absorption
spectra of the 13-cis and all-trans isomers. When the tempo
ral evolution of theS0 all-trans isomer is expressed asf S0(t)
of Eq. ~13!, that of the difference spectrum between the 1
cis and all-trans isomers is written as follows:

f diff~ t !5
A

2
~12e2gpt!. ~21!

The contribution of each transient species to the SVD co
ponents is determined by the product of the area of its
sorption spectrum and that of its temporal evolution. T
ratio of the area of theS0 all-trans spectrum to that of the
13-cis—all-trans difference spectrum is obtained from th
ground-state absorption spectra as 22.5. The ratio of the
of theS0 all-trans temporal evolution to that of the tempor
evolution of the 13-cis—all-trans difference spectrum is ob
tained from Eqs.~13! and~21! as 14.5. Accordingly the ratio
of the contribution of theS0 all-trans isomer to that of the
13-cis—all-transdifference spectrum is calculated to be 32
The ratio of the contribution of theS0 all-trans isomer to that
of theS1 all-trans isomer is calculated in the same way to
1.77 from the spectra and the populations in Fig. 6. Con
quently the contributions of theS0 all-trans isomer, that of
theS1 all-trans isomer, and that of the 13-cis—all-trans dif-
ference spectrum are in the ratio 1:0.57:0.0031. The
through the fourth singular values derived from the fem
second UV data~Fig. 5! are in the ratio 1:0.44:0.030:0.026
and the third and higher SVD components are dominated
noise. The expected contribution of the 13-cis—all-transdif-
ference spectrum is ten times smaller than the present n
level. Therefore, the signal to noise ratio has to be impro

FIG. 12. Temperature dependence of theS1 quantum yield obtained from
the femtosecond UV data by means of two independent methods. On
fords absolute values by using isomerization quantum yields~solid circles!,
and the other gives relative values from absorbance ratio ofS1 to S0 ~open
circles!.
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at least ten times better than in the present experimen
order to include the contribution of the 13-cis–all-trans dif-
ference spectrum correctly in the SVD analysis with t
three components. Owing to both the small difference
tween theS0 all-trans and 13-cis spectra and the low quan
tum yield of the all-trans→13-cis•9-cis photoisomeriza-
tion, the SVD analysis of the UV data has been soun
performed with only two components.

No transient absorption band ascribable top* was ob-
served either in the VIS region~400–800 nm! or in the near
UV region ~310–390 nm!, though it has been known that th
p* absorption band of tetraphenylethylene is located at
nm48 and that of stiff stilbene is located at 350 nm.46 It is
possible that ap* absorption band of retinal lies in the wave
length range shorter than 300 nm or longer than 800 nm.
also noted that thep* quantum yield of retinal has proved t
be as small as 0.2660.04 in hexane at room temperatur
while that of tetraphenylethylene or stiff stilbene is nea
equal to one. Such a small quantum yield makes it difficul
detect thep* retinal absorption. Since the molar absorpti
coefficient of p* is neither known nor predicted, it is no
possible to estimate the signal to noise ratio of time-resol
spectra which enables the identification of thep* absorption
by means of the SVD analysis.

Finally, two additional remarks are made on the pr
posed isomerization scheme in Fig. 9. First, it is possible
ascribe the 7 ps lifetime to the perpendicular ground statep.
A potential minimum at the perpendicular configuration
necessary to account for the lifetime as long as 7 ps. H
ever, existence of such a potential minimum in the grou
state has never been rationalized either theoretically or
perimentally. The perpendicular ground state whose lifeti
is 7.2 ps is much less likely than the perpendicular exci
state. Secondly, it is also possible to ascribe the 7 ps lifet
to the vibrationally excited electronic ground state (S0* ).
However, the assignment ofp* to theS0* state is not consis-
tent with Fig. 10, which leads to an excellent agreem
between the isomerization quantum yields determined by
two independent methods.

V. SUMMARY

The excited-state dynamics and the photoisomeriza
reactions of all-trans retinal in aerated nonpolar solven
were studied by using femtosecond time-resolved UV-V
absorption spectroscopy. It was found in the time-resolv
VIS spectra of all-trans retinal that four transient specie
~S3 , S2 , S1 , T1! were generated in sequence after the 4
nm photoexcitation. On the assumption that theS3 state is of
Bu

1(p,p* ) character, theS2 and S1 states were character
ized asAg

2 (p,p* ) and (n,p* ), respectively. Comparison
of the time-resolved VIS spectra of the all-trans and 13-cis
isomers provided no evidence for an isomerization reac
pathway complete within the excited singlet manifold. T
femtosecond time-resolved UV absorption spectra of
trans retinal were successfully analyzed in terms of
isomerization scheme involving a perpendicular excited s
glet state,p* . Thep* lifetime was found to be 7.262 ps and
was much longer than theS3 andS2 lifetimes but was shorter

af-
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 This a
than theS1 lifetime. It is proposed that the precursor ofp* is
the S2 state. TheS1 state does not take part in the isome
ization reaction. The quantum yields of the all-trans
→13-cis•9-cis isomerization in the temperature rang
269–298 K obtained from the femtosecond time-resolv
UV spectra were in good agreement with the reported va
measured by HPLC. TheS1 quantum yields obtained from
the femtosecond UV data by way of two independent me
ods were also in good agreement. These agreements stro
support the proposed isomerization scheme. The heigh
the energy barrier on the reaction pathway from theS2 state
to p* was estimated as (1.260.6)3103 cm21.
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