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Bacteriorhodopsin (bR) is a light-harvesting retinal protein 010 Lioerrireniraitonnnidiiton,
(26 kDa) found in the purple membrane bialobacterium g 82 8 8 8 8 8 8 8
halobium! The photoactivity of bR derives from a retinal that S 322228 5 ¢
efficiently photoisomerizes from iwll-transto its 13<is form? TN Y fergyem)

(® = 0.6%) and drives the unidirectional transport of protons _ ) )
across the membrane. The photoisomerization of retinal in bR Figuré 1. Time-resolved absorbance spectrum of light-adapted bR
has been studied by femtosecond time-resolved absorbamge ~ "€c0rded 0.316 ps after photoexcitati@n) (For comparison, a scaled
fluorescence spectroscopy. Whereas time-resolved fluores- e?nlflslﬁgﬁn;psgfﬁmrﬁgesﬁfﬁgiu?heagﬁm?,|Qf;%agxﬁ;%%rﬁgssémlﬂw
cence studies probe the excited state population, time-resolve - .
absorbance stﬁdies probe both groun% F<':\nd excited electroniqNﬁzrg?a?}r#ﬁ;e%ef:gglngrgﬁge;lé?c:{;"s;fnpﬁgte;rfraer?;rgl;sr;?dtheelse'
state_s and can, therefore, probe |r_1termed|_ates along the entirgs miosecond pump (600 nm: 16 667 T dump (780 nm: 12 820
reaction pathway. The enhanced information content afforded ¢y-1) and probe (900 nm; 11 111 cA) pulses.

by transient absorbance measurements comes at a cost in spectral
complexity: negative-going features arise from the bleach of 0.050
the ground state and from stimulated emission from the excited
state; positive-going features arise from absorbance from
intermediates and photoproducts. When these features overlap,
details relating to the reaction pathway can be obscured.
Transient absorbance spectra of bR recorded over a broad
spectral rang€’ provided indirect evidence for a previously
uncharacterized near-IR excited state absorbance whose presence
complicates the interpretation of the transient spectra. This [
suggestion motivated our development of a 3-color femtosecond : LI
pump—dump—probe technique whose dump pulse can alter the i ° 0
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course of a photoinduced reaction and thereby unveil overlap- I o |
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Figure 3. Pump-induced stimulated emission at 750 fs as a function
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(inset of Figure 3). The need for two levels in&@ises because

of the large (4000 cm') Stokes shift of the fluorescence
emission that ensues upon photoexcitation fraymoSs;. The
corresponding anti-Stokes shift caused hyb®ing dumped
down to the upper level ofSauses the absorbance spectrum
to shift out of resonance with the dump pulse, thereby trapping
the population in the ground state. The saturation curve was
modeled by solving numerically the differential equations that
couple the four levels. The absorbance and stimulated emission
extinction coefficients coupling (Sand S at 780 nm were
assumed to be the same numerical vabjgy = 4.6 x 10* L
mol~1 cm~1.10 The extinction coefficient coupling;Sand $

was made to be 09s0, as required by the numerical value of
€780 and the magnitude oAAzgp extrapolated to 0 fs. The
nonradiative relaxation rates fromy ® S; and § to & were

set at the experimentally determined values. Three parameters
were varied in the least-squares fit of the data: thpdpulation
without a dump pulse (determines the magnitudaAfat zero

of dump pulse energy. For these measurements, the pump pulseyump intensity), the calibration for the dump pulse flux

polarization was oriented at the magic angle (524) #élative to the
dump and probe pulses. A four-state model, illustrated in the inset,

was used to fit the dump pulse energy dependence of the stimulated

emission ). The dump pulse energy is normalized relative to that
used to acquire the kinetic traces in Figure 2 (vertical arrow).

an excited state absorbance cancels much of the stimulate
emission in this vicinity* A femtosecond dump pulse centered
near 14 000 cmt should, therefore, transfer some of the excited
state population ($ back down to the ground stateofSand
some to an even higher excited statg.(3n Figure 2, we show

the time dependence of the stimulated emission measured witht
and without a delayed dump pulse. In the absence of the dump

pulse, the stimulated emission decays via two channels: produc
tion of the 13eis photoproduct and regeneration of gletrans

ground state. The dump pulse transfers population out of the

first excited state and is manifested as a loss of stimulated

emission intensity. According to a least-squares analysis of the

ratio of the two curves, the dump pulse transfers approximately
two-thirds of the $ population into other electronic states.
According to the analysis that follows, approximately half of
that is sent “upstairs” and the other half “downstairs”. The rate
constant for the recovery of the ratio is well describedkby
(1.464+ 0.1 psyt, which corresponds to the difference between
the rates of relaxation from the firég—, = (0.414- 0.02 psy12
and higherk;—= (0.324 0.02 ps)?, excited electronic states.
As expected, the relaxation from B faster than the relaxation
from S..°

To examine these electronic energy levels further, we

(determines the slope of the saturation curve near zero dump
intensity), and the relaxation rate from the upper to the lower
level of § (determines the dynamics of the anti-Stokes shift).
The calibration for the dump pulse flux obtained from the least-
squares fit was within 20% of the estimate based on focused
pot size and pulse energy. This good agreement validates our
stimate fokzgp. The best-fit anti-Stokes relaxation rate of (0.03
+ 0.01 psj! is consistent with the Stokes shift dynamics
estimated in earlier studiés’> The ability of the 4-state model
to describe the saturation curve out to dump pulse energies much
greater than that used to obtain the data in Figure 2 suggests
hat these electronic levels dominate the photophysics of bR.

The excited state absorbance characterized here accounts for
the large apparent Stokes shift of the stimulated emission
spectrunfdf  Because this feature overlaps with the photo-
product absorbance, the ground state absorbance, and the
stimulated emission, the interpretation of the transient absor-
bance dynamics becomes more complicated. However, having
characterized this feature, we are now working toward a new
interpretation of the transient absorbance dynamics with an aim
to characterize in detail the reaction pathway(s) leading from
the all-trans to the 13eis isomer of retinal in bR.

Other excited state pumylump—probe techniques such as
fluorescence depletion have been used to study gas-phase
photodissociation dynamiés. Here we have extended this
technique to femtosecond transient absorption spectroscopy.
These techniques are quite general and allow one to probe
incisively photon-induced reaction pathways.
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