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Vibrationally Coherent Photochemistry in the 
Femtosecond Primary Event of Vision 

Qing Wang, Robert W. Schoenlein, Linda A. Peteanu,* 
Richard A. Mathies, Charles V. Shank 

Femtosecond pump-probe experiments reveal the impulsive production of photoproduct 
in the primary event in vision. The retinal chromophore of rhodopsin was excited with a 
35-femtosecond pulse at 500 nanometers, and transient changes in absorption were 
measured with 10-femtosecond probe pulses. At probe wavelengths within the photo- 
product absorption band, oscillatory features with a period of 550 femtoseconds (60 
wavenumbers) were observed whose phase and amplitude demonstrate that they are the 
result of nonstationary vibrational motion in the ground state of the photoproduct. The 
observation of coherent vibrational motion of the photoproduct supports the idea that the 
primary step in vision is a vibrationally coherent process and that the high quantum yield 
of the cis+trans isomerization in rhodopsin is a consequence of the extreme speed of 
the excited-state torsional motion. 

T h e  first step in vision, the light-induced 
isomerization of the retinal chromophore in 
rhodopsin, is complete in only 200 fs, mak- 
ing it one of the fastest photochemical re- 
actions (1-3). Our previous studies suggest- 
ed that coherent nuclear motion might ac- 
company this ultrafast, highly efficient 
(quantum yield = 0.67) reaction because 
the 200-fs reaction time is comparable to or 
less than the period of torsional vibrations 
of the retinal chromophore (4). Does vibra- 
tional coherence play an important role in 
the first step in vision? Femtosecond optical 
techniques provide a powerful tool for ex- 
amining the role of vibrational coherence 
in ultrafast reactions by creating coherent 
states of matter that reflect the motion of 
individual molecules. We report the obser- 
vation of coherent vibrational motion in 
the photoproduct of the ultrafast isomeriza- 
tion in rhodopsin. Our results indicate that 
the isomerization proceeds along a diabatic 
pathway connecting the excited state of the 
1 l-cis reactant with the ground state of the 
all-trans photoproduct (Fig. 1). The coher- 
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ent nuclear dvnamics observed here reveal 
the intimate connection between the speed 
of the cis+trans isomerization in rhodo~sin 
and its photochemical quantum yield, 
thereby establishing a new paradigm for the 
photochemisuy of vision. 

Vibrational coherence is a natural con- 
sequence of nonstationary vibrational states 
excited by femtosecond optical pulses [see 
( 3 1  and can result from at least three ele- 
mentary processes (6). First, coherent vibra- 
tional motion of the reactant in the ground 
state can be produced by femtosecond ex- 
citation through stimulated Raman scatter- - 
ing. For example, nonstationary ground- 
state vibrational motion has been observed 
in molecular crystals (7) and in the biolog- 
ical pigment bacteriorhodopsin (6, 8). Sec- 
ond, vibrational coherence can be produced 
on the excited-state potential energy sur- 
face and has been observed in a variety of 
dye molecules in solution (9) ,  in small mol- 
ecules in the gas phase ( 10, l l ), and in 
bacteriorhodopsin (12). Recently, excited- 
state vibrational coherence has also been 
observed in photosynthetic reaction centers 
(13). The third case is where vibrational 
coherence persists throughout the time 
course of a photochemical reaction and is 
observed in the product. This case is the 
most interesting because it elucidates the 
role of nonstationaw states in the ultrafast 
reaction dynamics. Such coherence has 
been obsewed in the ultrafast photodisso- 
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(1 993). 
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ciation of 1,- (14). We show here that 
coherent nuclear vibrations can also be ob- 
sewed in the product of an ultrafast photo- 
chemical reaction that occurs within a pro- 
tein at room temperature. 

Rhodopsin samples were prepared from 
bovine retinas and dissolved in Ammonyx 
LO detergent solution as described previous- 
ly (1 ). Femtosecond pump-probe measure- 
ments were performed with 35-fs pump puls- 
es at 500 nm, and transient changes in ab- 
sorption were measured from 450 to 570 nm 
with 10-6 blue probe pulses and from 560 to 
640 nm with 10-fs red probe pulses. The 
method for generating 35-6 pump pulses at 
500 nm as well as 10-6 probe pulses is de- 
scribed elsewhere ( 15). The ex~erimental 
configuration used t o  'obtain tike-resolved 
differential transmission spectra was identi- 
cal to that used in previous experiments. The 
average pump power was -3 pW at a repe- 
tition rate of 540 Hz. The pump (-0.5 mJ/ 
cm2) and probe (-0.04 mJ/cmZ) beams were 
focused in a 0.3-mm jet of flowing bovine 
rhodopsin (15 OD/cm). The flow rate was 

1 1 l-cs Rhodopsin All-trans photoproduct I 
lsornerzat~on coordnate 

Fig. 1. Schematic potential mgy surfaces for the 
femtosecond isomerization of modopsin after opti- 
cal excitation of the molecule from the ground state 
So to the excited state S,. The wave packets in the 
photoproduct potential well illustrate how ground- 
state vibrational motion effects the photoproduct 
absorption. The dashed lines indicate the diabatic 
pathway along which the reaction proceeds. 
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sufficient to replace the photolysed sample 
between successive pump pulses. Kinetic in- 
formation at specific wavelengths was ob- 
tained by filtering the probe pulse after the 
sample (-7-nm bandpass) and combining 
differential detection with lock-in amwlifica- 
tion as the pump-probe delay time was con- 
tinuouslv varied. The differential transmit- 
tance signal (ATIT) was a few percent or less 
and varied linearly with pump power. 

Figure 2 presents differential transmission 
measurements probing within the photo- 
product absorption band (maximum wave- 
length Xmax = 550 nm) after the excitation 
of 1 l-cis rhodopsin (X,, - 500 nm) with a 
35-fs pulse at 500 nm. All of these measure- 
ments exhibit the prompt appearance of 
photoproduct absorption within 200 fs, as 
observed previously (1, 2). After the initial 
formation of whotowroduct. we observe oscil- 
latory features that have a period of -550 fs 
in all the measurements. The fact that we are 
probing within the photoproduct absorption 
band suggests that these oscillations are due 
to ground-state photoproduct. However, it is 
important to develop an unambiguous test of 
this hypothesis because a number of process- 
es can give rise to such vibrational coher- 
ences (6). 

The spectral dependence of the oscilla- 
tions provides critical information about 
their molecular origin. Figure 1 illustrates 
the behavior of a vibrationally coherent 
population with an absorption maximum 
near 550 nm corresponding to the photo- 
product. The vibrational motion is depicted 
bv the oscillation of a nonstationarv wave 
packet in the potential well of the all-ti-ans 

0 1 ob0 20b0 ' 3000 
Delay (fs) 

Fig. 2. Differential transient absorption measure- 
ments probing the photoproduct absorption after 
excitation of rhodopsin with a 35-fs pump pulse at 
500 nm. Measurements at 620 and 630 nm are 
multiplied by a factor of 2 for clarity. 

photoproduct. This harmonic motion re- 
sults in a particularly strong modulation of 
the photoproduct absorption where ,the 
slope of the absorption is largest (-530 and 
-580 nm) and a weaker modulation in the 
wings and near the peak of the absorption 
band (-550 nm). Furthermore, the modu- 
lation on the red side of the absomtion 
maximum is out of phase with the modula- 
tion on the blue side of the absorption 
maximum. A vibrationally coherent popu- 
lation in the reactant ground state exhibits 
similar oscillatorv behavior but the 180" 
phase shift occurs about the 1 l-cis rhodop- 
sin absorption maximum of 500 nm instead 
of 550 nm. Such ground-state oscillations 
have been analyzed in detail in the case of 
bacteriorhodopsin (6). Thus, the origin of 
the vibrational coherence can be deter- 
mined by analyzing the phase and ampli- 
tude of the oscillations at different probe 
wavelengths. The oscillations seen here are 
unlikely to be due to the excited-state pop- 
ulation because the fluorescence quantum 
yield of rhodopsin is only -lop5 and the 
excited-state lifetime is (100 fs (16). 

By probing the reaction over a broader 
spectral range, we are able to assign the 
origin of the oscillations (Fig. 3A). Measure- 
ments near 500 nm indicate the bleaching 
(ATIT > 0) of the ground-state reactant, 
whereas measurements near the whotowrod- 
uct absorption maximum at 550 nm (ATIT 
< 0) indicate the formation of photoproduct 
within 200 fs. Measurements at 500, 530, 
580, and 610 nm all exhibit vibrational co- 
herence with a period of -550 fs, which 

Delay (fs) Wave number (cm-') 

Fig. 3. (A) Differential transient absorption mea- 
surements probing a broad spectral range of the 
photoproduct absorption after excitation of rho- 
dopsin with a 35-fs pump pulse at 500 nm. (B) 
Fourier transform analysis of the oscillations in the 
time-resolved data in (A). Before Four~er analysis, a 
smooth background consisting of a low-order 
polynomial fit was subtracted. The data at all wave- 
lengths are transformed over the same time range 
of 200 to 3000 fs, with the lower limit constrained 
by the formation time of the photoproduct. 

persists for several picoseconds. The oscilla- 
tory feature at 550 nm contains higher fre- 
quency components. 

A n  analvsis of the frecluencv content of 
the oscillatory part of the detected response 
at each of the wavelengths is presented in 
the Fourier power spectra in Fig. 3B. A 
feature is observed at -60 cmpl (550-fs 
period) at all probe wavelengths. In addi- 
tion, the amplitude of the -60-cmpl oscil- 
lation is small at wrobe wavelengths in the 
edges of the photoproduct absoGtion (500 
and 610 nm). and the oscillations are lare- , . u 

est at probe wavelengths on the steep sides 
of the absomtion band (530 and 580 nm). 
Furthermore, at the photoproduct absorp- 
tion maximum (550 nm), the -60-cmpl 
oscillation is diminished, and there is evi- 
dence of higher frequency oscillations. 

The whases of the oscillations exhibit a 
strong wavelength dependence (Fig. 4), with 
the oscillations in the blue (500 and 530 
nm) being out of phase with the oscillations 
in the red (580 and 610 nm). The 180" 
phase change occurs near 550 nm, the pho- 
toproduct absorption maximum. The phase 
and amplitude analysis provide compelling 
evidence that the oscillations that we are 
seeing are due to the vibrational coherence 
of the ground-state photoproduct and are 
not due to photophysical oscillations in the 
reactant ground state or in the excited state. 

The 60-cm-' oscillations most likely 
originate from a skeletal torsional mode of 

L Z  

the chromophore that is associated with the 
isomerization reaction. It is perhaps not 
surprising that coherent nuclear motion is 
maintained through the reaction because 
the half-time of the photoproduct forma- 
tion (-100 fs) is roughly a quarter of the 
vibrational period of a 60-cm-' mode. This 
is consistent with the continuous motion of 
a nonstationary wave packet along the dia- 
batic surface connecting the reactant and 
the photoproduct (Fig. 1 ) ( 1 7). The vibra- 
tional coherence of this 60-cm-I oscilla- 
tion persists for 1 to 2 ps, which is the time 
scale for conformational relaxation and vi- 

Wavelength (nm) 

Fig. 4. Phase information derived from Four~er 
analysis of the oscillatory features in the data of 
Fig. 3. The reiat~ve phase of the oscillation is ob- 
tained by averaging the angular part of the Fourier 
transform from 50 to 70 cm-'. For reference, the 
~ h a s e  of the oscillations at 590 nm is set to 490". 
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brational cooling of the photoproduct (2). 
In addition, the high speed and quantum 
efficiency of the reaction require that the 
optical excitation couple strongly to the 
reactive mode(s) of the system, and that 
most of this energy remain localized along 
the reaction coordinate. Thus, the observa- 
tion of 60-cm-' oscillations after the 
isomerization strongly suggest that this vi- 
brationally coherent mode has a large pro- 
jection along the reaction coordinate. The 
oscillations reflect the torsional ringing of 
the all-trans chromophore around its equi- 
librium position after the rapid light-in- 
duced structural change. 

The unprecedented speed of the isomer- 
ization process in rhodopsin coupled with 
the observation of coherent nuclear motion 
in the photoproduct suggests that the tor- 
sional motion of the chromophore is not 
significantly constrained by the protein en- 
vironment. The chromophore appears to 
move relatively freely during the isomeriza- 
tion because the motion is relatively small 
and because the structure of the chro- 
mophore binding pocket accommodates the 
change in the chromophore structure (Fig. 
5). This conclusion is consistent with an 
isomerization that occurs in the center of the 
chromophore with little motion at the ends 
(1 8). Resonance Raman studies (1 9) indi- 
cate that the overall structural change asso- 
ciated with the isomerization is relatively 
small because the 11-cis chromo~hore is al- 
ready twisted along the reaction-coordinate 
by the steric interaction between the C-13- 
CH, and the C-10-H groups and because 
the photoproduct does not immediately re- 
lax to a fully planar trans structure. Further- 
more, the strong steric interaction between 
the C-13-CH3 and the C-10-H likely aids 
the reaction process by providing a torsional 

Fyl. 5. Chrom~phore structural 
change in the first step of vision. 
The isomerization occurs in only 
200 fs in part because the overall 
structural change is surprisingly 
small. The 1 1 -cis reactant is twisted 
about the reaction coordinate be- 
cause of the steric interaction be- 
tween the C-lXH, and C-10-H 
groups. In addition, the initial pho- 
toproduct is conformationally dis- 
torted such that the overall shape 
change required to achieve the 
C-11s-12 isomerization is small 
(79). 

force to the chromophore that rapidly drives 
it out of the Franck-Condon region after 
optical excitation (3, 20). . 

The fact that vibratioqal coherence is 
maintained in the photoproduct of rhodop- 
sin has important implications for the mech- 
anism of the primary step in vision. In the 
traditional picture of this photochemical re- 
action, vibrational relaxation occurs rapidly 
on the excited-state potential energy surface 
(21). Internal conversion then proceeds 
from these thermalized vibrational states, 
with the excited-state+ground-state transi- 
tion probability determined by the Fermi 
Golden Rule. However, our observation of 
vibrational wherence in the photoproduct 
strongly argues that the chromophore is not 
relaxed on the excited-state potential energy 
surface, nor is it critically damped along the 
reaction coordinate. Our results indicate 
that the llcis+all-trans reaction occurs in 
an essentially barrierless transition following 
a diabatic potential surface (indicated by the 
dashed lines in Fig. 1) (I ). Thii surface car- 
ries the nonstationary wave packet rapidly 
and directly from the excited state of the 
reactant to the ground state of the product. 
Such nonstationary vibrational dynamics 
can be described as a Landau-Zener tunnel- 
ing process, which expresses the quantum 
yield of a reaction PU (probability of follow- 
ing the diabatic surface) in terms of the 
nuclear velocity u along the reaction coordi- 
nate as Pu a exp(-l/u) (22-24). Thus, if 
the nuclear dynamics along the isomeriza- 
tion coordinate are retarded, the quantum 
yield should be reduced (25). Indeed, femto- 
second experiments on isorhodopsin, which 
has a slower isomerization speed (-600 fs) 
(3) and a correspondingly lower quantum 
yield (0.22), support this model. In con- 
clusion, femtosecond spectroscopy has re- 

I 
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vealed the direct connection between 
nonstationary nuclear dynamics and the 
mechanism and quantum yield of the 
cis+trans isomerization in rhodopsin, 
thereby establishing a new paradigm for 
the photochemistry of vision. 
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