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Picosecond Stokes and anti-Stokes Raman spectra are used to probe the structural dynamics and reactive
energy flow in the primary cis-to-trans isomerization reaction of rhodopsin. The appearance of characteristic
ethylenic, hydrogen out-of-plane (HOOP), and low-wavenumber photoproduct bands in the Raman spectra is
instrument-response-limited, consistent with a subpicosecond product appearance time. Intense high and low-
frequency anti-Stokes peaks demonstrate that the all-trans photoproduct is produced vibrationally hot on the
ground-state surface. Specifically, the low-frequency modes at 282, 350, and 477 cm-1 are highly vibrationally
excited (T > 2000 K) immediately following isomerization, revealing that these low-frequency motions directly
participate in the reactive curve-crossing process. The anti-Stokes modes are characterized by a∼2.5 ps
temporal decay that coincides with the conversion of photorhodopsin to bathorhodopsin. This correspondence
shows that the photo-to-batho transition is a ground-state cooling process and that energy storage in the
primary visual photoproduct is complete on the picosecond time scale. Finally, unique Stokes vibrations at
290, 992, 1254, 1290, and 1569 cm-1 arising from the excited state of rhodopsin are observed only at 0 ps
delay.

Introduction

Time-resolved spectroscopic experiments, as well as theoreti-
cal calculations, have provided a wealth of information about
the structural dynamics that occur in the efficient photoisomer-
ization reaction that initiates vision.1-11 The unprecedented
product formation time of 200 fs prompted a new understanding
of the cis-to-trans isomerization reaction in which the photo-
chemistry occurs via nonstationary vibrational excited states.3

Later experiments demonstrating that the fluorescence12 and
photochemical quantum yield13 are both wavelength-dependent
provide further support for this nonstationary state isomerization
model. These and other experimental results have been comple-
mented by ab initio calculations that explored the multidimen-
sional nature of the reaction coordinate and suggested an
S1-S0 conical intersection.9,10,14 Structural snapshots of the
initial room-temperature photo- and bathorhodopsin photoprod-
ucts, recently obtained using picosecond time-resolved resonance
Raman spectroscopy, further demonstrate that the photoproduct
chromophore formed within 200 fs has an all-trans configura-
tion.4 Despite this abundance of information, many fundamental
questions about the reaction that initiates vision remain unan-
swered, such as the nature of photoproduct cooling and
relaxation, as well as the flow of reactive energy within the
binding pocket.

Measurements of mode-specific photoproduct vibrational
temperatures can provide information about the nature of the
reaction coordinate. Comparison of the low-frequency resonance
Raman torsional modes of bathorhodopsin trapped at 77 K15

with the vibrational coherences observed in femtosecond
transient absorption data3 reveals remarkably that the impul-
sively driven vibrational oscillations in the photoproduct
compare well with the frequencies of the low-wavenumber

photoproduct modes. This result suggests that a number of low-
frequency torsional modes are strongly coupled to and excited
by this photochemical reaction. If this is indeed the case, we
would expect these modes to exhibit intense anti-Stokes
scattering at early times.

The redistribution of excess energy between the chromophore
internal coordinates, as well as to the surrounding protein, is
also not yet well understood. Studies on bacteriorhodopsin16,17

suggest that the chromophore undergoes intramolecular vibra-
tional energy redistribution in∼3 ps, slightly faster than the
mode-specific cooling rate observed for the heme group in
myoglobin and hemoglobin.18-20 A direct measure of the
temporal evolution of chromophore vibrational temperature in
rhodopsin’s photoproduct would reveal the time scale for
vibrational energy redistribution and the time scale for the
completion of reactive energy storage.

To address these questions, we present here the simultaneous
acquisition of picosecond Stokes and anti-Stokes resonance
Raman spectra of photolyzed rhodopsin. The observation of
highly vibrationally excited low-frequency anti-Stokes features
in the photorhodopsin spectrum shows that these modes play a
significant role in the multidimensional cis-trans isomerization
reaction coordinate. The anti-Stokes spectral kinetics reveal that
the chromophore is fully thermalized in∼2.5 ps, suggesting
that the photoproduct stores incident photon energy on the
picosecond time scale and that the photo-to-batho transition is
characterized by ground-state cooling. Finally, we identify an
excited-state transient when the pump and probe beams are
temporally overlapped that is assigned to the excited state of
rhodopsin.

Materials and Methods

Sample Preparation. Rod outer segments (ROS) were
isolated from bovine retinae via sucrose flotation followed by
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sucrose density gradient centrifugation. The ROS were lysed
in water, solubilized in 5% Ammonyx-LO (DDAO, dode-
cyldimethylamine oxide) and purified by hydroxyapatite chro-
matography using a phosphate step gradient to elute the
protein.21 The rhodopsin solution was kept in the phosphate
buffer and separate 25 mL aliquots from a 200 mL stock solution
(150 mM phosphate, 1% Ammonyx-LO, 2.5 mM NH2OH) with
OD500 ) 1.64/cm and OD280/OD500 < 1.8 were used in each
experiment.

Laser System. The picosecond laser system has been
described in detail elsewhere.4,22The picosecond oscillator was
tuned to produce∼3 ps, 806 nm pulses and amplified at 1 kHz.
Frequency doubling of the amplified pulses yielded∼180 mW
of 403 nm light, which was separated from residual fundamental
light before being focused in a Raman shifter filled with 1020
psi of D2 gas. The second Stokes output at 531.4 nm was passed
through a 40/60 visible beam splitter to produce both probe and
pump beams. The probe beam passed through a variable delay
line before recombination with the pump beam. The pulses had
a temporal width of 1.6 ps fwhm and the one-color cross-
correlation was 2.3 ps. The spectral bandwidth was< 15 cm-1.

Collinear pump and probe beams were focused (∼250 µm
× 50 µm) into the center of a 2 mm× 2 mm i.d. capillary by
two cylindrical lenses (270 and 50 mm focal lengths) in a right-
angle collection geometry. The rhodopsin solution was flowed
through the capillary at a rate sufficient to ensure that fresh
sample was interrogated during each pump-probe cycle. The
average pump power was 320µW and had a photoalteration
parameter,23 Fpu, of 0.66, while the average probe power was
150 µW and Fpr was 0.31 (usingεrho ≈ 29 700 M-1 cm-1).
Single beam power dependence experiments under similar
conditions demonstrated a linear growth in Stokes signal for
the rhodopsin ethylenic and HOOP bands up to∼400µW (Fpu

≈ 0.8). The rhodopsin ethylenic anti-Stokes signal, however,
began to show nonlinearity as a function of power beyond∼200
µW, presumably because of enhancement of the anti-Stokes
signal from hot molecules. Such increased temperatures have
been observed in other picosecond anti-Stokes experiments.24

It appears that even under low-photoalteration conditions, in
which the average probability for a two-photon event is small,
there is significant enhancement of anti-Stokes signal. Experi-
ments were performed under various focusing and power
conditions to minimize this effect. The choice of 320µW for
the pump ensured sufficient photolysis with minimal nonlinearity
in the anti-Stokes signal, while a 150µW probe pulse allowed
for efficient detection of photoproduct within the linear regime.
Reference and signal photodiodes were placed before and after
the sample to continuously monitor the laser power and sample
absorbance throughout the experiment.

Raman scattering was collected by an F/1.2 camera lens
(Canon) and focused onto the entrance slit of an F/4 spec-
trograph (Spex 500M) by a 20 cm F/1 focusing lens. The
spectrograph was equipped with a 500 gr/mm, 560 nm blaze
grating, which allowed simultaneous measurement of Stokes
and anti-Stokes spectra in a single window. Rayleigh light was
rejected by a 1064 nm notch filter (Kaiser Optical), which
efficiently blocked 531.4 nm light in second order. The
spectrally dispersed light was detected by a liquid-nitrogen-
cooled CCD camera (Roper Scientific LN-1100PBUV/AR), and
wavelength calibration was performed with a neon lamp.
Reported frequencies are accurate to(3 cm-1 and the bandwidth
of the spectrograph was 26 cm-1. Spectral responsivity of the
detection system was determined by a calibrated tungsten lamp
and showed<8% variation across the entire window.

Raman spectra were acquired for seven time delays from-2
to 20 ps. Each spectrum consisted of 40 min of pump+ probe
data acquisition using fresh sample for each time point. The
total bleach of each sample was<50%. Pump-only and probe-
only spectra were acquired using fresh sample in alternating
intervals of 5 min each until a total of 40 min of probe-only
and 40 min of pump-only spectra were recorded. The sample
was then completely bleached and 40 min pump+ probe, pump-
only, and probe-only spectra were recorded of the bleached
sample. The laser power was found to vary<10% during pump
+ probe data acquisitions and<15% during the course of the
entire experiment.

Temporal Deconvolution.The observed signal is a convolu-
tion of the instrument response (Gaussian fwhm of 2.3 ps) and
a molecular response that reflects photoproduct formation
followed by subsequent relaxation. The molecular response used
to model the Stokes data was either a sum of error and rising
exponential functions, or the sum of two rising exponential
functions. The error function is a step function convolved with
a normal distribution, and this model has been successfully
applied to rhodopsin ultrafast dynamics.4 Both models gave
identical time constants and amplitudes within the error. The
anti-Stokes data were modeled with the sum of rising and
decaying exponential functions to reflect formation of hot
photoproduct followed by vibrational cooling.

The accuracy of our zero time was determined by comparison
of the+2 and-2 ps delay spectra. Because the rhodopsin signal
due to the pump and probe beams depends linearly on power
and the photoproduct signal also depends linearly on pump and
probe powers in pump+ probe spectra, the total signal observed
at -2 ps should be identical to the signal observed with+2 ps
delay. This can be understood by realizing that at the+2 ps
time point, a large percentage of photoproduct is generated,
while a small fraction is probed. At-2 ps, the reverse is true.
Convolutions of the Stokes and anti-Stokes data with appropriate
molecular response functions indicate that the 0 ps delay was
offset +0.2 ps, which is within our experimental accuracy of
approximately(0.2 ps. All convolutions reported here reflect
this adjustment in the zero of time.

Results

The top panel of Figure 1 presents pump+ probe, pump-
only, and probe-only spectra for a 2 pstime delay experiment.
Strong scattering from reactant and photoproduct are present
in the pump+ probe spectrum, while the pump-only and probe-
only spectra consist of signal from reactant only. Additional
scattering from the buffer and any residual fluorescence are
removed by subtracting bleach spectra and polynomial fits to
the background from the raw data. The resulting photolysis
spectra consisting of scattering from rhodopsin+ photoproduct
(pump+ probe) or rhodopsin alone (pump-only and probe-only)
are presented in the center panel of Figure 1 for∆t ) 2 ps.
Difference spectra to isolate the photoproduct contribution were
obtained by subtracting fractions of the summed pump-only and
probe-only spectra using the rhodopsin 970 cm-1 band as an
internal standard. The bottom panel of Figure 1 shows difference
spectra resulting from various subtraction factors, (pump+
probe)- SF(pump-only+ probe-only), where SF is the scaling
factor and varies from 1.05 to 1.25 (anti-Stokes) or 0.85 to 0.95
(Stokes). The rhodopsin 970 cm-1 band appears as a residual
positive peak in under-subtracted spectra and as a negative dip
for over-subtracted spectra. Optimal SF values on the Stokes
side were 0.83 (∆t ) 0 ps) or 0.90-0.93 (∆t ) -2, 2, 4, 6, 10,
and 20 ps). The use of SF< 1 indicates the presence of bleached
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rhodopsin during the pump+ probe interrogation with the
largest bleach at 0 ps.

Figure 2 presents time-resolved Stokes Raman difference
spectra of the photo- and bathorhodopsin intermediates. With
the exception of the 0 ps delay spectrum, the results are identical
to the bathorhodopsin spectra that we obtained earlier with a
two-color, pump-probe technique.4 The growth in integrated
areas of the ground-state photoproduct ethylenic (∼1537 cm-1),
HOOP (∼866 cm-1), and low-frequency (130-270 cm-1) peaks
are plotted in Figure 3 as a function of time delay along with
the Gaussian instrument response (dotted curve). Convolution
of a rising biexponential function with the instrument response
results in the solid curves consisting of two time components.
An instantaneous, instrument-response-limited growth of signal
is required to fit the high intensities observed at 0 ps delay. On
the basis of our previous femtosecond transient absorption3 and
picosecond two-color4 work, this fast time component is
estimated to be<0.2 ps and fixed at this value. This fast rise is
followed by a slower growth withτslow of 1.0 (ethylenic), 2.1
(HOOP), or 1.0 (low-frequency) ps. Convolution results in
whichτslow values vary within the error ranges are also indicated
in Figure 3.

New peaks are observed in the 0 ps difference spectrum of
Figure 2 indicated by dashed markers at∼300, 992, 1204, 1254,
1290, 1530, and 1569 cm-1 that may be due to either hot
vibrational modes or possibly a new species. The dependence
of these new bands on the subtraction procedure is explored in
Figure 4. The difference spectrum resulting when SF) 0.83 is
the preferred result for 0 ps time delay because this spectrum

neither under- or over-subtracts unique rhodopsin features. We
conclude that peaks at 290, 992, 1254, 1290, and 1569 cm-1

are not artifacts of the subtraction procedure and thus represent
some new species present only at very early times.

An expanded view of the ethylenic region of the Stokes
difference spectra is presented in the top panel of Figure 5. The
doublet present in the 0 ps spectrum was decomposed into two
separate Lorentzian bands at∼1530 and 1569 cm-1. The 1530
cm-1 band was observed in our previous two-color study and
is unambiguously assigned to ground-state photorhodopsin.4 The
7 cm-1 blue-shift from 1530 to 1537 cm-1 has a time constant
of 2.4 ps (bottom panel of Figure 5) as observed in our previous
work. The intense 1569 cm-1 peak present at 0 ps, however, is
a new feature. The possibility that the 0 ps transient peak is a
subtraction artifact due to power or lifetime broadening of the
ethylenic region can be rejected on the basis of an estimate for
the degree of broadening in the 0 ps spectrum necessary to yield
the 1569 cm-1 feature. The ethylenic band present when the
pump and probe beams are temporally overlapped would have
to be broadened by a factor of nearly two relative to the
rhodopsin peak to produce the 1569 cm-1 transient band. Such
broadening is not observed in the 0 ps anti-Stokes ethylenic
peak. In addition, single-pulse experiments indicated a maximum
ethylenic broadening of∼20% with high photoalteration relative
to low-photoalteration laser powers. Therefore, we conclude that
the 1569 cm-1 peak is not an experimental or data analysis
artifact.

Picosecond anti-Stokes Raman spectra of photo- and batho-
rhodopsin are presented in Figure 6. The SF values varied from
1.15-1.10 (∆t ) -2, 0, 2, 4, 6, and 10 ps) to 1.05 (∆t ) 20
ps); the use of SF> 1 indicates the presence of hot rhodopsin
at all time delays, with the least amount present at the longest
delay of 20 ps. At early times, hot vibrational bands in the

Figure 1. Data reduction procedure illustrated for 2 ps time delay
spectrum of rhodopsin. The top panel shows pump+ probe (A), pump-
only (B), and probe-only (C) spectra. The middle panel shows photolysis
spectra in which bleach spectra are subtracted from rhodopsin spectra.
Residual backgrounds were subtracted with polynomial fits. The bottom
panel shows the difference spectra with varying subtraction factors (SF).
The internal standard rhodopsin peak at 970 cm-1 is marked “R”.
Optimized Stokes and anti-Stokes spectra are generated when SF is
0.90 and 1.15, respectively.

Figure 2. Stokes Raman difference spectra of rhodopsin’s photoproduct
for pump-probe delays from-2 to 20 ps. Solid markers indicate
bathorhodopsin peaks, and dashed markers indicate vibrationally hot
or new transient peaks in the 0 ps spectrum. The nearly identical+2
ps (solid) and-2 ps (dotted) spectra are overlayed.
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ethylenic (1531 cm-1), fingerprint (1213 cm-1), and HOOP
(∼853 cm-1) regions are observed. In addition, several very
intense low-frequency peaks are observed at 477, 350, and 282
cm-1. These data confirm that several modes, including some
very interesting low-frequency modes, are highly vibrationally
excited immediately following the cis-to-trans isomerization of
the chromophore. Kinetic traces of the ethylenic, HOOP, and
low-frequency areas are presented in Figure 7 along with the
instrument response and convoluted kinetic fit. These data were
fit to the sum of rising and decaying exponential functions.
Maximum anti-Stokes intensities for the ethylenic and low-
frequency regions appeared when the pump and probe beams
were temporally overlapped (∆t ) 0 ps), and therefore, the rising
time component was instrument-response-limited and estimated
to be<0.2 ps, consistent with our Stokes data. The growth in
HOOP signal, however, was slightly delayed relative to the
ethylenic and low-frequency peaks withτfast ) 1.2 ps. This
comparison of convolution fits for the HOOP signal withτfast

) 1.2 or 0.2 ps is shown in Figure 7 and clearly demonstrates
the superior fit withτfast ) 1.2 ps. The ethylenic, HOOP, and
low-frequency intensities then decayed at a slower rate ofτslow

) 2.0, 2.7, and 2.3 ps, respectively. The convolution results in
which τslow varies within the error ranges are also shown in
Figure 7.

Discussion

We have obtained picosecond Stokes and anti-Stokes reso-
nance Raman spectra of rhodopsin’s photo- and bathorhodopsin
photointermediates. The observation of intense anti-Stokes
chromophore signal following photoisomerization shows that

the photoproduct is produced hot on the ground-state surface.
This observation identifies modes that may play an active role
in the photoisomerization reaction coordinate, and the decay of
the anti-Stokes signal reports on ground-state vibrational cooling
rates. In addition, we have observed a new transient intermediate
that exists only at the earliest time that we attribute to an excited-
state species.

Photo- and Bathorhodopsin. Stokes Raman spectra of
photorhodopsin and bathorhodopsin from the current experiment
are compared with a rhodopsin spectrum in Figure 8. Strong
HOOP bands and a red-shifted ethylenic characteristic of the
all-trans chromophore have fully formed by a pump-probe time
delay of 2 ps. The instrument-response-limited appearance of
photoproduct Stokes signal in all spectral regions seen here,
along with the observation of maximum anti-Stokes intensity
at 0 ps, is consistent with the ultrafast<0.2 ps photoproduct
appearance time determined in our earlier two-color studies.4,25

These observations taken together with the wavelength-depend-
ent spontaneous fluorescence spectrum12 and the more recently
discovered wavelength-dependent photoisomerization quantum
yield13 provide additional experimental evidence for the non-
stationary nature of the photoisomerization reaction.13 A mul-
tidimensional model for the curve crossing process in rhodopsin
involves a funnel region where S1 and S0 touch.26 Recent ab
initio calculations predict the presence of such a conical
intersection on the S1 surface and provide a more sophisticated
picture of the reaction coordinate.9,27 It was suggested by Teller
as early as 193728 that curve crossing due to a conical
intersection can occur within a few vibrational periods; in the
case of rhodopsin, however, internal conversion may be
occurring within a single Vibrational period given that the
excited-state lifetime of 50 fs is faster than a typical low-
frequency torsional (∼200 cm-1) period.29

Figure 3. Integrated ethylenic (top panel), HOOP (middle panel), and
low-frequency (bottom panel) areas (b) of ground-state photoproduct
peaks as a function of pump-probe time delay. The dotted Gaussian
curve is the instrument response. The solid curves are the least-squares
fits for the convolution of the instrument response with a rising
biexponential function with the indicated fast (0.2 ps) and slow time
constants. The short- and long-dashed curves indicate the result using
the lower and upper limits forτslow with τfast fixed at 0.2 ps. The low-
frequency area includes the 167 and 244 cm-1 peaks.

Figure 4. Stokes Raman difference spectra for 0 ps pump-probe delay
with different subtraction factors. Solid markers indicate peaks due to
rhodopsin (R), and dashed markers indicate peaks due to bathorhodopsin
(B) or other transients (e.g., S1). At low SF values of 0.73 and 0.78,
insufficient subtraction of rhodopsin results in positive rhodopsin peaks.
When SF) 0.83, unique and isolated rhodopsin peaks, such as the
970 cm-1 band, reach baseline values and bathorhodopsin and S1 peaks
become distinct. At higher SF values of 0.88 and 0.93, over-subtraction
of rhodopsin features is evident.
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Low-Frequency Modes. Our Stokes Raman difference
spectra provide the first structural snapshot of the low-frequency

torsional modes of room temperature photo- and bathorhodopsin.
Figure 8 shows that photo- and bathorhodopsin have nearly
identical Raman-active low-frequency modes at∼167, 244, 320,
402, and 503 cm-1, indicating that the transition from photo-
to bathorhodopsin does not involve significant skeletal alter-
ations. The only minor difference is that the 320 cm-1

bathorhodopsin mode is∼20 cm-1 higher than the correspond-
ing mode in photorhodopsin. This shift can be explained by a
combination of anharmonicity and thermal occupation in the
∼300 cm-1 photorhodopsin mode, as well as some overlap with
the ∼290 cm-1 S1 feature. The torsional modes of room-
temperature bathorhodopsin are very similar in intensity and
frequency to those found in low-temperature bathorhodopsin
(∼130-151, 262, 324, 376, and 500 cm-1),15 supporting the
idea that deformation due to protein-chromophore interactions
is not thermally driven.4

The anti-Stokes spectrum of photorhodopsin shows that there
is significant thermal excitation in modes at 477, 350, and
especially 282 cm-1 that are plausibly assigned as skeletal
torsions.15,29 The 25-50 cm-1 red shifts observed in the anti-
Stokes peaks compared to Stokes counterparts at 500, 402, and
320 cm-1 are attributed to anharmonicity. Comparison of the
relative anti-Stokes and Stokes intensities indicates that the
photorhodopsin chromophore is not vibrationally equilibrated
at 0 ps. Mode-specific vibrational temperatures were estimated
by comparing the experimentally determined anti-Stokes-to-

Figure 5. Expanded view (top panel) of the ethylenic region of the
Stokes Raman difference spectra from-2 to 20 ps. The+2 (solid)
and-2 ps (dotted) spectra are overlayed. The dashed marker indicates
the transient S1 peak. The doublet in the 0 ps spectrum was decomposed
into two Lorentzian peaks (dashed curves), and the sum of these two
Lorentzians are shown as the solid curve on top of the 0 ps spectrum.
The bottom panel shows the ethylenic frequency (b) as a function of
pump-probe time delay. The solid curve is a single-exponential least-
squares fit to the data with a rise time of 2.4 ps.

Figure 6. Anti-Stokes Raman difference spectra of rhodopsin’s
photoproduct at pump-probe delay times from-2 to 20 ps. The dotted
curve is the-2 ps delay spectrum.

Figure 7. Integrated ethylenic (top panel), HOOP (middle panel), and
low-frequency (bottom panel) areas of anti-Stokes rhodopsin photo-
product peaks as a function of pump-probe time delay. The dotted
Gaussian curve is the instrument response. The solid curves are the
least-squares fits for the convolution of the instrument response with
the sum of rising and decaying exponential functions with the indicated
fast and slow time constants. For the ethylenic and low-frequency
regions, the short- and long-dashed curves indicate the convolution
result using the lower and upper limits forτslow with τfast fixed at 0.2
ps. For the HOOP region, the short-dashed curve is the convolution
result withτfast ) 0.8 ps andτslow ) 2.3 ps, the long-dashed curve is
the convolution result usingτfast ) 1.6 ps andτslow ) 3.1 ps, and the
dashed-dotted curve is the result usingτfast ) 0.2 ps andτslow ) 2.7
ps. The low-frequency area includes the 282 and 350 cm-1 peaks.
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Stokes ratios (after correcting for wavelength-dependent scat-
tering efficiency) with calculated ratios using a time-correlator
theory that fully incorporates thermal effects in resonance
Raman cross sections.17 This is only an approximate comparison
because the calculated temperatures correspond to a Boltzmann
population, and such a population may not be established by
the earliest time delay of 0 ps, especially for reaction-coupled
modes. However, it is useful to compare relative temperatures
for different modes at 0 ps to quantitatively determine prefer-
ential energy deposition during the isomerization reaction. The
low-frequency modes have a much higher Boltzmann vibrational
temperature of>2000 K relative to the ethylenic mode (T ≈
550 K) at 0 ps. This differential mode excitation is consistent
with the photoproduct vibrational coherences reported in
transient absorption experiments.3 A power spectrum of the
femtosecond oscillations3 revealed numerous low-frequency
vibrational oscillations at, for example,∼300, 275, and 250
cm-1, in addition to the 50 cm-1 mode that was initially featured.
It appears that a preferential localization of excess energy within
a number of low-frequency modes is retained during the curve
crossing process. Combined with our anti-Stokes data, these
results implicate the 477, 350, and 282 cm-1 torsional modes
as molecular motions, which may play an active role in the
isomerization reaction coordinate. However, it is also pos-
sible that the preferential vibrational excitation of these pho-
toproduct torsional modes is due to the high efficiency with
which the low-frequency modes act as energy acceptors during
the intramolecular vibrational energy redistribution (IVR)
process.

Chromophore Cooling and Energy Storage.The kinetics
of the anti-Stokes intensities provide direct data on the
vibrational cooling of photorhodopsin. The delayed rise in
HOOP anti-Stokes intensity in contrast to the instrument-limited
rise of the ethylenic peak is likely due to an increasing anti-
Stokes HOOP Raman cross section as a result of both population
and geometry changes. An increase in population in the HOOP
mode may result from intramolecular vibrational energy redis-
tribution, such as from the highly energetic CdC mode to the
HOOP mode. In addition, an increase in HOOP scattering cross
section may result from an evolution of distortion along the
polyene backbone. Evidence for such distortion on the pico-
second time scale was previously provided by the decoupled
10H (871 cm-1) and 11H (920 cm-1) wag intensities.4 The inten-
sities of these modes provide a sensitive measure of distortion
along the polyene backbone and the observed changes suggested
that the hot, all-trans chromophore distorts on the picosecond
time scale to minimize steric interaction with binding pocket
residues as it cools to form bathorhodopsin. The combination
of these population and geometry changes presumably contrib-
utes to the growth in the anti-Stokes HOOP cross section at
early times.

A geometry-induced increase in anharmonic coupling likely
catalyzes energy distribution to all 3N-6 normal modes of the
chromophore (and possibly protein). The 2.0-2.7 ps decay of
the photorhodopsin ethylenic, HOOP, and low-frequency anti-
Stokes intensities provides a probe of this cooling process. This
cooling time is identical to the 2.5 ps cooling time observed
for bacteriorhodopsin.17 We can estimate the resulting molecular
temperature at early times when all excess energy remains
localized in the reactant Franck-Condon active modes, as well
as after this excess energy has been distributed to all 3N-6 modes
of the photoproduct. The excess thermal energy available for
vibrational excitation is∼12 600 cm-1, using Evib(T) )
Evib(298)+ (Ephoton- Estored) whereEstored) 12 100 cm-1 and
corresponds to the 35 kcal of energy stored in bathorhodop-
sin.30,31 If this excess energy remains localized in the 28
Franck-Condon active modes of rhodopsin, the molecular
temperature would be∼1190 K. Once this energy is thermalized
to all 3N-6 modes and if we estimate that the mode frequencies
are evenly distributed between 10 and 1640 cm-1 with the
exception of high-frequency (∼3000 cm-1) CH stretches, the
molecular temperature drops to∼440 K. After considering the
temperature dependence of the Raman cross sections,17,32,33we
can use the ratio of anti-Stokes to Stokes intensities from Figures
2 and 6 to estimate vibrational Boltzmann temperatures of the
ethylenic mode to be∼550 K at 0 ps and∼420 K at 20 ps.
Therefore it appears that significant IVR has already occurred
by our earliest time point of 0 ps, and this early, efficient IVR
is likely a result of the geometry-induced enhancement of
anharmonic coupling. The observed∼2.5 ps cooling then
corresponds to the completion of IVR. At 20 ps, IVR is complete
and the excess energy has been distributed to all 3N-6 modes
of bathorhodopsin, as illustrated by the decreased ethylenic
temperature of∼420 K.

Additional evidence for chromophore IVR in the photo-to-
bathorhodopsin transition is provided by the picosecond rise in
ethylenic and HOOP Stokes intensities, as well as a blue shift
in the Stokes ethylenic peak from 1530 cm-1 at 0 ps to 1537
cm-1 at 20 ps. These features were also observed in our previous
two-color picosecond study.4 The increase in Stokes Raman
cross sections is expected as the temperature decreases17 (τ ≈
1.0-2.1 ps) and the high vibrational levels of the ethylenic mode
(τ ≈ 2.4 ps) are depopulated. The shift in ethylenic frequency

Figure 8. Picosecond resonance Raman spectra of ground-state
rhodopsin, the excited-state transient (<700 fs), photorhodopsin (2 ps),
and bathorhodopsin (10 ps). The excited-state spectrum is a Stokes
Raman double difference spectrum in which ground-state photoproduct
peaks present at 2 ps are removed from the 0 ps photoproduct spectrum,
yielding positive peaks due to the transient 0 ps species along with
small derivative features resulting from the anharmonically shifted
ground-state peaks.
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has been observed in other picosecond Raman experiments and
was similarly interpreted.20,34,35The observed changes in Stokes
intensities and frequency combined with the fact that the photo-
and bathorhodopsin have nearly identical spectra lead us to
conclude thatthe photo-to-bathorhodopsin transition is domi-
nated by chromophore cooling as opposed to structural
changes.4

A New Excited-State Species.The presence of unique
transient peaks at 290, 992, 1254, 1290, and 1569 cm-1 in the
0 ps spectrum regardless of the subtraction factors indicates that
this scattering originates from a new light-induced intermediate
structure. Figure 8 presents a Raman spectrum of this transient
in which signal from the ground-state species, rhodopsin and
photorhodopsin, have been removed. We assign this transient
species as an excited-state intermediate on the basis of the
following arguments. First, our 531.4 nm probe wavelength is
on resonance with a strong, visible (∼480-550 nm) excited-
state absorption for which the absorption cross-section is
significantly greater than that for S0.36,37 Second, the short
lifetime of the transient features combined with the fact that
the largest bleach (SF) 0.83) is observed at 0 ps also supports
the assignment of the transient peaks to an excited-state species.
An upper limit on the decay time for this transient species is
established by the fact that this signal completely disappears
by 2 ps. Thus the population of the excited-state species is
probably less than∼5% (1/e3) at 2 ps, suggesting that its lifetime
is less than∼700 fs. In our experiment, the average time delay
between pump and probe events within the overlapped beams
is <700 fs, consistent with the assignment of transient S1 signal
with 0 ps delay.

Finally, the vibrational frequencies of the transient species
are consistent with an excited-state rhodopsin molecule. The
1569 cm-1 peak in S1 is assigned an ethylenic stretch. This blue-
shifted CdC in the excited state is identical to that observed in
an excited-state study of bacteriorhodopsin38 and consistent with
theoretical and experimental investigations of various linear
polyenes,39-41 which also reported high-frequency CdC stretches
in the excited Bu state relative to the ground state. While ab
initio calculations predict a lengthening of double bonds in the
excited state,9,10,14 it is not clear how these local bond order
changes would affect the observed excited-state normal mode
because the CdC mode frequency reflects global motion of the
chain resulting from coupling with adjacent modes.42 Tentative
assignments for the other excited-state peaks are skeletal torsion
(290 cm-1), 13-methyl rock (992 cm-1), C-C stretch (1254
cm-1), and 11H+ 12A in-plane rock (1290 cm-1) based on
the assignments of ground-state rhodopsin.15,43,44 Two-color
picosecond Raman experiments are in progress to obtain
improved spectra and further characterize this interesting
transient species.

Summary

The reactive pathway and ground-state dynamics in the
photoisomerization reaction that initiates vision can now be more
completely understood. Following photon absorption, a majority
of the excited molecules (65%) undergo rapid reactive internal
conversion to form a highly energetic, all-trans photorhodopsin
chromophore in<200 fs. A minor percentage (35%) of the
photoexcited molecules fail to form photoproduct and therefore
remain on the excited-state surface for a longer time before
returning to the 11-cis ground-state well. We believe that we
have observed the resonance Raman spectrum of this excited-
state transient for the first time. The initial ground-state
photorhodopsin chromophore is vibrationally excited and the

distribution of photon energy is nonstatistical, with a large
fraction being deposited in the reactively coupled low-frequency
modes. The fact that these extremely hot low-frequency torsional
oscillations have the same frequencies as those observed in the
femtosecond power spectrum3 strongly implicates these torsional
modes in the reactive pathway. Kinetic analyses of the anti-
Stokes data reveal that IVR is complete in∼2.5 ps, providing
direct evidence that thephoto-to-bathorhodopsin transition is
dominated by chromophore cooling. Finally, the observation
of a thermally relaxed chromophore by∼2.5 ps shows that the
conversion of chromophore vibrational kinetic energy to po-
tential energy stored in the form of protein-chromophore
interactions and distortion is complete on the picosecond time
scale.
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