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ABSTRACT The primary events in the all-trans to 13-cis
photoisomerization of retinal in bacteriorhodopsin have been
investigated with femtosecond time-resolved absorbance spec-
troscopy. Spectra measured over a broad range extending
from 7000 to 22,400 cm21 reveal features whose dynamics are
inconsistent with a model proposed earlier to account for the
highly efficient photoisomerization process. Emerging from
this work is a new three-state model. Photoexcitation of retinal
with visible light accesses a shallow well on the excited state
potential energy surface. This well is bounded by a small
barrier, arising from an avoided crossing that separates the
Franck–Condon region from the nearby reactive region of the
photoisomerization coordinate. At ambient temperatures, the
reactive region is accessed with a time constant of '500 fs,
whereupon the retinal rapidly twists and encounters a second
avoided crossing region. The protein mediates the passage
into the second avoided crossing region and thereby exerts
control over the quantum yield for forming 13-cis retinal. The
driving force for photoisomerization resides in the retinal, not
in the surrounding protein. This view contrasts with an earlier
model where photoexcitation was thought to access directly a
reactive region of the excited-state potential and thereby drive
the retinal to a twisted conformation within 100–200 fs.

Bacteriorhodopsin (bR) is a 26-kDa protein found in the
purple membrane of Halobacterium halobium, an archaebac-
terium that thrives in the harsh environment of salt marshes
(1). Under aerobic conditions, this organism synthesizes ATP
through the respiratory chain. Under anaerobic conditions, it
survives by producing a prodigious amount of bR, a light-
harvesting protein that converts photon energy to chemical
energy by pumping protons unidirectionally across the mem-
brane. The proton-motive force generated drives the synthesis
of ATP (2). The light-absorbing chromophore within this
proton ‘‘pump’’ is retinal, a polyene that is linked to Lys-216
of the protein by a protonated Schiff base (3, 4). Upon
absorbing a single visible photon, the retinal isomerizes from
the all-trans form to the 13-cis form (5, 6). This photoisomer-
ization event triggers a thermally driven cascade involving
several spectroscopically distinguishable intermediates (7),
during which the Schiff base donates its proton to the extra-
cellular channel and accepts a proton from the cytoplasmic
channel (8, 9).Within 100ms, the retinal isomerizes back to the
all-trans form and the bR is ready for another photocycle (10).
Retinal linked to a protonated Schiff base can, in principle,

isomerize about the 7, 9, 11, 13, or 15 position. Enumerating
all the cisytrans isomers yields 25 5 32 different possibilities.
Photoexcitation of all-trans retinal linked to a protonated
Schiff base in methanol solution yields cis isomers with an
overall quantum efficiency of'0.15, with 11-cis accounting for
'75% of the photoproducts (11, 34). In bR, photoexcitation of
all-trans retinal yields the 13-cis form with quantum efficiency
of'0.6 (12–14). This quantum efficiency is especially remark-

able because the 13-cis form must store sufficient potential
energy in the protein for it to pump a proton across the
membrane and revert thermally back to its all-trans form.
Clearly, the protein cavity in which the retinal is embedded
directs the photoreaction pathway toward the 13-cis form,
ensuring highly specific isomerization and high quantum effi-
ciency while storing potential energy. The overall quantum
efficiency for this proton pump appears to be dictated by the
quantum efficiency of the photoisomerization event. The focus
of this work is on the mechanism of this critical first step.
Investigations into the dynamics of photoisomerization have

a long history theoretically and experimentally. A semiclassical
trajectory approach to photoisomerization was reported for
2-butene (15) and later extended to retinal in a constrained
environment (16). Around that time the first picosecond
time-resolved spectra of photoexcited bR were reported (17).
These seminal studies laid the foundation for the vast literature
that was to follow on photoisomerization in proteins. In 1988,
two independent groups used the technique of femtosecond
time-resolved spectroscopy to investigate the dynamics of
photoisomerization in bR (18, 19). Both groups proposed
independently a two-state model (Fig. 1) for understanding the
primary photoisomerization process in bR. They concluded
that photoexcitation of bR triggers an ultrafast (100- to 200-fs)
torsional motion toward a minimum in the excited-state po-
tential energy surface. From this twisted conformation, relax-
ation to the ground electronic state produces either 13-cis or
all-trans retinal. To account for ultrafast torsional motion, an
excited-state potential that was repulsive in the Franck–
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FIG. 1. Two-state model proposed earlier for the photoisomeriza-
tion of bR (18, 19).
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Condon active region was invoked. This contrasts with retinal
in solution, where the Franck–Condon active region of the
excited state is at an extremum, corresponding to a region of
zero slope. This is required by the symmetry of clockwise vs.
counterclockwise rotation about the C13AC14 double bond. A
repulsive potential in the Franck–Condon active region can
result only if the protein shifts the extrema of the ground- and
excited-state potential energy surfaces relative to one another
in coordinate space. An implication that emerged from some
of the earlier work is that such a bias might facilitate rapid
conversion to the 13-cis form and may even be necessary to
achieve a high quantum yield for photoisomerization. On the
other hand, recent studies of bR mutants revealed quantum
efficiencies for photoisomerization that were remarkably con-
stant and similar to the efficiency for native bR, despite
excited-state lifetimes that varied by an order of magnitude
(14, 20–22). This suggests that rapid conversion to the 13-cis
form might not be necessary to attain a high quantum effi-
ciency for photoisomerization. Whether the Franck–Condon
active region of the excited state potential energy surface is
repulsive can be tested by monitoring the time dependence of
the stimulated emission spectrum. As the photoexcited retinal
progresses toward the minimum of the excited-state potential
energy surface, the energy difference between the ground and
excited state would decrease over time, leading to a red-shift
of the stimulated emission spectrum. To observe this shift and
to investigate further the primary processes associated with the
photoisomerization of retinal in bR, we constructed a pump-
probe time-resolved spectrometer that provides broad tunabil-
ity of both pump and probe pulses, ,200-fs time resolution,
and high sensitivity. The time-resolved absorbance spectra
obtained with this instrument were found to be incompatible
with the two-state model for the photoisomerization of bR and
required that we invoke the participation of a third electronic
state.§ A three-state model was also proposed recently on
theoretical grounds (23). This newmodel also explains how the
quantum efficiency for photoisomerization might be uncorre-
lated with the excited-state lifetime.

MATERIALS AND METHODS

bR (Sigma) was suspended in a Hepes buffer (pH 7.4; 10
mM) and dispersed by sonication (Fisher model 550). To
minimize sample heating during sonication (140 W), the
ultrasound was delivered in 0.1-s bursts every 10 s for a period
of approximately 5 min. The bR sample was confined within
a circular sample cell composed of two 2-mm-thick calcium
fluoride windows and a 1-mm spacer. The absorbance at 568
nm, the peak of the bR absorbance, was 0.95. Light-adaptation
of the bR sample was accomplished prior to use by illumination
with a quartz–halogen lamp. Ambient light and the femtosec-
ond pump pulses were sufficient to maintain the bR in the
light-adapted form during the experiments.
A tunable femtosecond pump pulse was used to photoexcite

the retinal in bR, and a broadband continuum probe pulse was
used to measure the absorbance. The pump pulse was gener-
ated by frequency doubling the signal output of a home-built
b-barium borate-based optical parametric amplifier which was
powered by regeneratively amplified pulses (780 nm, 120 fs, 1
kHz) from a mode-locked Ti:sapphire laser (Clark–MXR,
Dexter, MI). The excitation wavelength was tuned to 620 nm
and the pulse energy was attenuated to '100 nJ. This energy
was sufficient to excite approximately 10% of the retinal
molecules within the pump beam diameter of 200 mm. The
sample cell was rotated so that each pump pulse photoexcited
a fresh bR sample.

The probe pulse consisted of a ‘‘white-light’’ continuum
generated by focusing the output of a second optical paramet-
ric amplifier into either a sapphire or a CaF2 window. The
probe beam was split into sample and reference arms and
directed through a monochromator onto two photodiode
detectors. The pump beam was chopped at half of the 1-kHz
repetition rate of the laser, such that every other pulse was
prevented from hitting the sample. The difference between the
sampleyreference ratio when pumped vs. unpumped was used
to compute the pump-induced change in the absorbance of the
sample at the wavelength selected by the monochromator and
at a time determined by an optical delay. The instrument
response function was determined by measuring the pump-
induced optical Kerr rotation signal and the cross-phase
modulation between the pump and probe pulses in a blank
solution cell.

RESULTS

Time-Resolved Absorbance Spectra. Time-resolved absor-
bance spectra of photoexcited bR are shown in Fig. 2, where
the spectral range explored is significantly broader than that
covered in earlier femtosecond studies. The pump-induced
change in the absorbance of the sample, DA, has contributions
from four sources: ground-state bleach, excited-state absor-
bance, stimulated emission, and photoproduct absorbance.
The negative-going feature near 17,500 cm21 corresponds to
the ground-state bleach. This feature arises from pump-
induced depletion of the ground-state population and approx-
imates the equilibrium absorbance spectrum of light-adapted
bR. The positive-going feature near 21,700 cm21 corresponds
to an excited-state absorbance. The negative-going feature
near 11,000 cm21 corresponds to stimulated emission from the
excited state. The persistent positive-going feature near 15,500
cm21 arises from the photoproduct, the 13-cis isomer of
retinal. As the stimulated emission and the excited-state
absorbance decay the bleach recovers partially and the pho-
toproduct grows. The fraction of the bleach that does not
recover corresponds to the quantum efficiency for photo-
isomerization.
Excited-State Relaxation Dynamics.According to Fig. 3, the

shape of the stimulated emission spectrum evolves negligibly

§These results were presented at the Tenth Conference on Ultrafast
Phenomena, San Diego, CA, May 28–June 1, 1996.

FIG. 2. Time-resolved absorbance spectra of light-adapted bR in
purple membrane after photoexcitation with 100-fs 620-nm pulses.
The spectra shown were recorded at 0.316 ps (E), 3.16 ps (thin line),
and 31.6 ps (Ç) with the pump and probe polarizations set at the magic
angle (54.78) relative to one another. For comparison, a scaled (420)
equilibrium spectrum of bR is shown (thick line).

Biophysics: Hasson et al. Proc. Natl. Acad. Sci. USA 93 (1996) 15125



from 178 fs to 1 ps. Consequently, the time-dependent stim-
ulated emissionmeasured at its peak provides an incisive probe
of the excited-state population. Because both stimulated emis-
sion and excited-state absorbance originate from the same
electronic state, one would expect their dynamics to be the
same. The dynamics of the excited state were determined by
probing the time-dependent rise and decay of both the excited-
state absorbance and the stimulated emission (Fig. 4). The
data were modeled by convoluting the measured instrument
response function with the fitting function, and the parameters
of the function were optimized by the least-squares method.
The decay of the excited-state absorbance and stimulated
emission were fit simultaneously, using the same decay func-
tion. A single exponential function yields a decay time of
approximately 490 fs, similar to that reported elsewhere (18,
19, 24). However, the decay is rather poorly modeled with a

single exponential function, especially for times beyond 1 ps.
Much better agreement was obtained with a biexponential
function. The least-squares time constants for the fast and slow
decay components of the biexponential function were 370 fs
(87%) and 2.1 ps (13%), respectively, with the fast decay
component dominating.
An exponential rise time was incorporated into each com-

ponent of the biexponential model according to [exp(2t/tfall)
2 exp(2t/trise)], which corresponds to the time dependence of
B in the kinetic scheme A ™™™™31ytrise B ™™™™31ytfall C. The rise times
recovered when modeling several data sets averaged 10 fs and
never exceeded 30 fs. While a rise time of 10 fs is clearly
unresolved, the consistency of the measurements suggests that
the stimulated emission grows with a nonzero time constant
that may very well be shorter than 30 fs.

DISCUSSION

Evidence for an Excited-State Absorbance near 13,000
cm21. The early time spectra in Fig. 2 are complex due to
overlap of the features. However, it is possible to decompose
the early time spectrum into its various contributions. For
example, the stimulated emission spectrum of photoexcited bR
can be derived from its f luorescence emission spectrum by a
n2-scaling of the fluorescence intensity (25). Fluorescence
emission spectra reported elsewhere (18, 26, 27) suggest that
the maximum of the stimulated emission should be near 13,000
cm21. However, the stimulated emission feature in Fig. 2 is
peaked near 11,000 cm21. Moreover, the integrated stimulated
emission at a time short compared with excited-state relax-
ation should be comparable to the integrated bleach. However,
the stimulated emission in Fig. 2 is much smaller. Where is the
‘‘missing’’ stimulated emission? It is not observed in the early
time transient absorbance spectrum because of an overlapping
positive-going excited state absorbance that was hitherto un-
characterized. To characterize the excited-state absorbance,
the ground-state bleach and the stimulated emission contri-
butions to the transient absorbance spectrum at 316 fs were
estimated and subtracted. The resulting excited-state absor-
bance spectrum, shown in Fig. 5, reveals a feature near 13,000
cm21 that is nearly as intense as the previously characterized
feature near 21,700 cm21. Because the 13,000-cm21 feature

FIG. 3. Comparison of stimulated emission spectra recorded at 178
fs (E) and 1.00 ps (F). The 1.00-ps spectrum has been scaled by a factor
of 3.59. The similarity shows that the stimulated emission spectrum
shifts negligibly beyond 178 fs.

FIG. 4. Transient absorbance at the peak of the excited-state
absorbance (21,700 cm21; E) and at the peak of the red-shifted
stimulated emission (11,200 cm21; Ç). The data were modeled (lines)
by convoluting functions having both rise and fall times, i.e., }
[exp(2t/tfall) 2 exp(2t/trise)], with the measured instrument response
function. The instrument response function (Gaussian-like curve) was
measured by an optical Kerr effect in a sample cell loaded with water.

FIG. 5. Time-resolved absorbance spectrum measured 0.316 ps
after photoexcitation with 620-nm pump pulses (E). The excited-state
absorbance spectrum was constructed (thick line) by removing the
bleaching and stimulated emission contributions (thin lines) to the
measured time-resolved spectra. The pump and probe polarizations
were set at the magic angle (54.78) relative to one another.
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overlaps with the photoproduct absorbance, the ground-state
bleach, and the stimulated emission spectrum, its presence
complicates the characterization of the early time intermedi-
ates in the photoisomerization of bR. Interestingly, the com-
bination of bleach, stimulated emission, and excited state
absorbance appears to give rise to a positive-going feature near
15,000 cm21 that has heretofore been assigned to the elusive
J intermediate. Instead of being assigned to a ground-state
photoproduct, this feature may well correspond to an excited-
state absorbance.
Spectral and Kinetic Inconsistencies with Earlier Model for

Photoisomerization. According to the scheme presented in
Fig. 1, photoexcitation of bR would access a repulsive region
of the excited-state potential, causing the stimulated emission
spectrum to red-shift over a time scale of 100–200 fs as the
photoisomerization proceeds along its reaction coordinate.
However, Fig. 3 shows that the stimulated emission spectrum
evolves negligibly from 178 fs to 1 ps, apart from decaying in
magnitude. Moreover, the rise time of the stimulated emission
near its red edge appears to be less than 30 fs. This ultrafast
appearance and negligible evolution of the stimulated emission
spectrum suggest that photoexcitation of bR accesses a rela-
tively flat region of the excited-state potential energy surface,
not a repulsive region.
The peak of the fluorescence emission spectrum of bR is

Stokes shifted approximately 4000 cm21 from the peak of the
absorbance. According to our results, this shift apparently
occurs with a time constant of less than 30 fs. An extremely fast
process was also seen by Dexheimer et al. (28), using 12-fs
pulses. They reported a transient increase in absorbance at 568
nm due to an excited-state absorbance that blue-shifted com-
pletely out of this wavelength region in less than 70 fs. More
recently, Du and Fleming (27) performed time-resolved flu-
orescence measurements on bR with 40-fs time resolution and
were unable to resolve any rise time of the fluorescence
emission over the wavelength range 680–900 nm. Evidently,
the ultrafast Stokes shift is dominated by relaxation along
high-frequency vibrational coordinates that experience a large
displacement upon photoexcitation. A contribution from the
'70-fs polarization response of the protein is also expected
(29). The ultrafast nuclear rearrangement appears not to
project along the photoisomerization reaction coordinate.
Three-State Model for Photoisomerization of bR. The spec-

tral dynamics reported here suggest that the potential energy
surface in the Franck–Condon active region of the excited
electronic state is relatively flat, not repulsive. Consequently,
the structure of the protein surrounding the retinal does not
‘‘drive’’ the reaction toward the 13-cis form; rather, the driving
force that leads to photoisomerization must be intrinsic to the
retinal. To account for this propensity to photoisomerize, we
invoke a third electronic state which couples to the initially
excited state as well as to the cis and trans ground electronic
states (Fig. 6). Following the prescription of Schulten et al.
(23), the adiabatic surfaces labeled S0, S1, and S2 are con-
structed from three diabatic surfaces, two of which vary
sinusoidally along the C13AC14 dihedral angle and one of
which is angle invariant. Coupling between these diabatic
surfaces results in avoided crossings. The protein contribution
to the energy is approximated as another sinusoid which raises
the energy of all three electronic states by 12 kcalymol (1 kcal
5 4.18 kJ) (30) as the retinal goes from the all-trans to the
13-cis isomer. The surfaces labeled S0, S1, and S2 correspond
to ground, singly, and doubly excited singlet states. Spectro-
scopic transitions between S0 and S1 are one-photon allowed
and transitions between S0 and S2 are two-photon allowed.
However, mixing between the excited electronic states can
weaken these selection rules.
The S1 surface reveals a small barrier separating the Franck–

Condon active region from the steeply sloped ‘‘reactive’’
region of the isomerization coordinate. When torsional diffu-

sion within this shallow well surmounts the barrier, the retinal
is driven rapidly toward a twisted conformation and a second
avoided crossing region. The measured excited-state lifetime is
therefore the approximate time required to cross this barrier.
The twisted conformation is the transition state for photoi-
somerization: from here the reaction path leads to the ground
state of either the all-trans isomer or the 13-cis isomer. In
either case, the electronic energy is converted into vibrational
energy, rendering the retinal vibrationally hot. The photoprod-
uct spectrum develops fully when the retinal cools back to
ambient temperature, a process which occurs on a time scale
of several picoseconds.
The height of the barrier that must be crossed to access the

reactive surface depends on the shape of S1, the position of S1
relative to S2, and the strength of the coupling between S1 and
S2. In general, when S1 is higher (i.e., closer to but below S2),
the barrier is smaller, the distance to the crossing region is
smaller, and the excited-state lifetime would be shorter. The
absorbance spectrum of retinal in bR is strongly red-shifted
compared with that in solvents, demonstrating that the protein
environment modulates the energy gap between S0 and S1. The
retinal environment should also affect the energy gap between
S1 and S2 and hence the barrier to be surmounted in the first
avoided crossing region. The magnitude of this barrier can be
estimated from the temperature dependence of the excited-
state lifetime. When bR is cooled from room temperature
down to 77 K, its f luorescence lifetime increases from 0.5 ps to
606 15 ps (26). Interestingly, over that temperature range, the
quantum efficiency for formation of the photoproduct K
remains unchanged (31, 32). Because 60 ps is still much shorter
than the radiative lifetime (estimated to be several nanosec-
onds), virtually all of the molecules will make the adiabatic
transition to the reactive surface. A factor of 120 increase in
the lifetime upon cooling from room temperature to 77 K
corresponds to anArrhenius barrier of 1 kcalymol or 350 cm21.
A three-state model for photoisomerization was proposed

more than 20 years ago by Orlandi and Siebrand (33) to
account for the photoisomerization of stilbene. The third state
corresponds to a doubly excited electronic state, S2, which
Hudson and Kohler (35) calculated to be somewhat lower in
energy than S1 for several polyenes. The two-photon absor-
bance spectrum of all-trans retinal in EPA (ethyl ethery
isopentaneyalcohol) solvent at 77 K (36) reveals this inversion

FIG. 6. Three-state model for the photoisomerization of bR. The
free energy of the 13-cis isomer is elevated above all-trans (broken
line). The splitting for all crossing regions was set arbitrarily to 1
kcalymol.
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as well. However, this inversion is absent in bR: its two-photon
absorption spectrum reveals a resonance at '21,000 cm21,
about 3500 cm21 higher than the peak of the one-photon
absorption (37). Consequently, for bR, placement of S1 below
S2 in Fig. 6 is justified on experimental grounds. Because these
states are strongly mixed, they can both be accessed with one
photon. However, when bR is excited on the red edge of its
absorbance spectrum, as was done here, excitation into S1
predominates.
Origin of Nonexponential Relaxation. According to the

data of Fig. 4, both the excited-state absorbance at 21,700
cm21 and the stimulated emission at 11,200 cm21 decay
nonexponentially with the same function. Nonexponential
relaxation can arise when two or more species with different
lifetimes contribute to the measured signal. However, the
stimulated emission spectra measured at 178 fs and 1 ps are
virtually identical, requiring that the kinetically different
populations be spectroscopically similar. This can arise if the
electronic transition to the first excited state is broadened
inhomogeneously, and if that heterogeneity modulates the
barrier leading to the reactive region of the excited-state
surface. Hole-burning experiments have shown that there is
a significant inhomogeneous contribution to the absorbance
spectrum of bR (38–40). This conformational heterogeneity
affects not only the energy difference between S0 and S1 but
also the relative energies of S1 and S2 and, hence, the
magnitude of the barrier to be surmounted to access the
‘‘reactive’’ region of the photoisomerization coordinate.
Should the conformational heterogeneity persist for a time
longer than the excited-state relaxation, one would expect
the excited-state decay to proceed nonexponentially, as is
reported here. This may also account for the results of Du
and Fleming (27), who reported nonexponential f luores-
cence decay of bR as well as a modest emission wavelength
dependence to the decay dynamics.
One could model the nonexponential decay with a distri-

bution of barriers; however, the number of parameters re-
quired by such a model is probably not warranted by the data
reported here. Instead, we report parameters obtained by
modeling the data of Fig. 4 with a biexponential function.
Whereas the two time constants and their amplitudes serve to
reflect the degree of heterogeneity, they should not be viewed
too quantitatively. The fast and slow rate coefficients represent
only approximate bounds on the distribution of rate coeffi-
cients for photoexcited bR.
Predictions Arising from the Three-State Model. The three-

state model postulates a small barrier on the excited-state
surface which localizes the excited population near the region
of zero rotation for a few hundred femtoseconds. Upon
crossing this barrier, the reaction progresses to the second
avoided crossing region. As this reaction proceeds, the energy
separation between S0 and S1 diminishes, leading to a red-shift
and a diminution of the stimulated emission spectrum. Be-
cause motion along the ‘‘reactive’’ surface is expected to be fast
compared with the first barrier crossing rate, the population of
retinal chromophores that could be caught in the act of
isomerizing is small and would be very difficult to detect
spectroscopically, as is observed. If the retinal were to remain
trapped for a time at the minimum of the S1 surface, it may
prove possible to detect that excited intermediate spectroscop-
ically. This transiently trapped population would be the pre-
cursor to K and would correspond to the transition state for
photoisomerization.
According to the three-state model, the excited-state

lifetime is dictated by the magnitude of the barrier in the first
avoided crossing region, and the quantum efficiency for
photoisomerization is controlled by the nature of the motion
through the second avoided crossing region as well as the
coupling between the two surfaces in that region. Mutations
to bR that decrease the energy gap between S0 and S1 would

increase the height of the first barrier and would lead to a
longer-lived excited state. However, this perturbation need
not influence the quantum efficiency for photoisomerization.
Indeed, mutations that alter the excited state lifetime by more
than an order of magnitude were found to have a negligible
impact on the quantum efficiency for photoisomerization (14,
22). The role of the protein in mediating the all-trans to 13-cis
photoisomerization appears be largely as a catalyst along the
C13AC14 bond and as an inhibitor along all other double bonds
(21).
Because photoisomerization to 13-cis retinal stores energy in

the protein, the protein is able to ‘‘drive’’ the reverse photoi-
somerization process, 13-cis to all-trans retinal. When this bias
is built into the three-state model, the potential energy surface
for photoexcited 13-cis retinal (K) reveals no barrier between
the Franck–Condon active region and the reactive region
leading to the twisted conformation. Consequently, photoex-
citation of 13-cis retinal would be expected to reveal a shorter-
lived excited state. Indeed, preliminary femtosecond studies of
photogenerated 13-cis in our laboratory have revealed an
excited-state lifetime that is much shorter than that for all-trans
retinal. To explore this other half of the photoisomerization
reaction coordinate in more detail, we are performing addi-
tional femtosecond time-resolved studies on the 13-cis photo-
product.
Because of the remarkable photoisomerization selectivity

achieved in bR, it may be reasonable to portray this complex
process with the simple one-dimensional three-state photoi-
somerization reaction coordinate proposed here.

Note Added in Proof. Transient absorption measurements were re-
cently carried out by R. M. Hochstrasser and coworkers (41), who
reported similar conclusions regarding the inadequacy of the conven-
tional bR potential energy surface.
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