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Abstract

The impact of varying excitation densities (~0.3 to ~40 photons per molecule) on the ultrafast fluorescence dynamics of
bacteriorhodopsin has been studied in a wide spectral range (630-900 nm). For low excitation densities, the fluorescence dynamics can
be approximated biexponentially with time constants of <0.15 and ~0.45 ps. The spectrum associated with the fastest time constant peaks at
650 nm, while the 0.45 ps component is most prominent at 750 nm. Superimposed on these kinetics is a shift of the fluorescence maximum
with time (dynamic Stokes shift). Higher excitation densities alter the time constants and their amplitudes. These changes are assigned to

multi-photon absorptions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthetic activity in halobacteria is based on the
membrane protein bacteriorhodopsin (BR), which acts as a
light-driven proton pump [1]. BR consists of 248 amino
acids and contains only one chromophore, a retinal
molecule, which is linked via a protonated Schiff base to
the lysine 216 of the sequence of the protein. In the
functionally active light-adapted form of BR, the retinal
molecule adopts the all-trans configuration. Its function is
initiated by the all-trans—13-cis photoisomerisation of the
retinal molecule after photoexcitation. This primary step in
the photocycle proceeds on the picosecond time scale and is
very efficient (quantum yield ~0.6 [2-5]).

The dynamics of this primary step have been the topic of
many time-resolved transient absorption measurements
[2,6—12]. Early studies [2,6,7] have revealed a sub-pico-
second decay of the first excited state S; after optical
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excitation. Later transient absorption experiments have
shown the ultrafast dynamics of BR in more detail.
Immediately after excitation, a broad transient hole appears
in the absorption spectrum whose amplitude remains
constant for about 0.2 ps [9]. For the initial excited state
dynamics, a biphasic behaviour with time constants of
<0.15 and ~0.45 ps is observed [8,11]. Studies with high
time resolution also find an oscillatory behaviour of the
transient absorption signal due to wavepacket motion on the
excited state and the ground state surface [12-14].
Subsequent to the decay of the S; state within ~0.45 ps, a
red-shifted absorption band is observed, which can be
associated with the buildup of the J intermediate [8,10,11].
This absorption decays within 3-5 ps, indicating the
transition of the J intermediate to the K ground state [2,5].

Transient absorption experiments probe processes in the
ground state and the excited states. Ground state bleaching,
stimulated emission, excited-state absorption, wavepacket
motions and absorbance changes due to the formation of
photoproducts overlap in the spectra and have to be
deconvoluted to distinguish ground state dynamics from
excited-state dynamics. This makes it difficult to assign
processes to excited states unambiguously. Here, time-
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resolved fluorescence spectroscopy is superior since only
electronically excited states show fluorescence emission.

So far, only a few time-resolved fluorescence measure-
ments of the primary step of the photocycle of BR in the
femtosecond regime have been reported [15,16]. Du and
Fleming [15], using the up-conversion method, excited their
sample at 608 nm with 3 nJ pulse energy at a repetition rate
of 100 kHz. The pump-gate cross-correlation function of
these experiments had a FWHM of 0.06-0.07 ps. They
reported time constants of 0.09-0.24, 0.6-0.9 and 9.0-13.0
ps. The amplitude of the third time constant has been
specified with up to 25%. Haacke et al. [16], also using the
up-conversion method, excited their sample at 585 nm with
a repetition rate of 80 MHz. A time resolution of 0.25 ps
was achieved in these experiments. The data have been
treated biexponentially with a short time constant in the sub-
picosecond range and a longer time constant of 10 ps. The
short time constant varies with the detection wavelength and
values increasing from 0.15 to 0.4 ps when moving towards
longer wavelengths have been determined. The second time
constant of 10 ps carrying only a small amplitude of 4% was
found to be wavelength independent. Both experiments
draw a similar picture of the fluorescence dynamics of BR;
nevertheless, distinct deviations concerning especially the
sub-picosecond behaviour and the amplitude of the long
time constant are present. These deviations may be due to
different excitation conditions and could be clarified by
examining the fluorescence dynamics of BR as a function of
excitation density.

In this paper, we present results of time-resolved
fluorescence measurements with a Kerr gate set-up. The
BR sample has been excited from the ground state to the
first excited state with different excitation densities ranging
from ~0.3 to ~40 photons per molecule. These experiments
give new insight in the fluorescence dynamics of BR.

2. Experimental

The femtosecond fluorescence experiments used a set-up
based on a Kerr gate described in detail in Ref. [17]. Here
only the most important features are described. Briefly, a
part of the output (~200 pJ) of a femtosecond laser/amplifier
system (Clark CPA 2001 operated at 775 nm with a
repetition rate of 1 kHz) pumped a two-stage noncollinear
optical parametric amplifier (NOPA) tuned to 565 nm.
Compressed NOPA pulses of ~0.05 ps were used as
excitation source and were focused onto the sample cell.
The excitation pulses were polarised under an angle of 45°
with respect to the polarisation plane of the detection. The
emission generated by this excitation was collected with
reflective optics and imaged onto the Kerr medium (a fused
silica plate) placed between two wire grid polarisers.

The excitation density as used in the following is defined
as the product of the absorption cross section of BR and the
photon density (number of photons per area). It thus

represents the number of photons a BR molecule actually
‘sees,” when excited with a laser pulse with a certain energy
(regardless of the duration of the laser pulse and the
concentration of BR molecules). The extinction coefficient
of BR of ~6x10% 1 mol™" ecm™' [2,8] translates into an
absorption cross section of ~2.3x107'® ¢cm?. The photon
density is calculated by dividing the number of photons per
pulse by the focal area of the excitation spot. The excitation
spot diameter was varied between 80 and 160 pm by
adjusting an aperture in the beam path and measured by a
homebuilt beam profile analyser at the sample location. The
energy of the excitation pulses was varied between ~100
and ~3600 nJ per pulse. The excitation densities determined
from these parameters range from ~0.3 (pulse energy ~100
nJ at an excitation spot size of 160 pm) to ~40 (pulse energy
~3600 nJ at an excitation spot size of 80 um) photons per
molecule.

An excitation density of 0.3 photons per molecule was
shown to be a good compromise between signal to noise
ratio and retaining a linear excitation regime. This was
verified by performing experiments with an excitation
density as low as 0.07 photons per molecule. No systematic
deviation between the 0.07 and the 0.3 run could be
detected. Trivially, the 0.3 run features a better signal-to-
noise ratio and it was thus used to extract the numerical
parameters for the linear regime.

Obviously, not only the excitation density but also the
light intensity has to be considered when discussing the
presence or absence of nonlinear signal contribution. The
light intensity of the 0.3 run was equal to ~10'"" W cm ™2,
which is of the same size or even lower than the intensities
commonly employed in transient absorption experiments on
BR [8,10,11,18-20].

The Kerr gate is operated by 0.045 ps NIR laser pulses at
1100 nm generated by a two-stage optical parametric
amplifier again pumped by a portion (250 pJ) of the CPA
output. The use of NIR pulses at 1100 nm from the OPA
instead of fundamental CPA pulses at ~800 nm has the
advantage that it opens the spectral region from 700 to 950
nm for fluorescence measurements and improves the
temporal resolution. After passing the Kerr gate, the
fluorescence light is dispersed by a /=300 mm spectrograph
(Acton Research, Spectra Pro 300i) equipped with a 150
lines/mm grating blazed at 800 nm and detected with a
liquid nitrogen cooled CCD camera (Princeton Instruments,
Spec-10:400B).

The spectra reported here are corrected for the spectral
sensitivity of the set-up and for the 1*-dependence of the
gate efficiency (for details, see Ref. [17]). A dielectric
mirror placed in front of the spectrometer to reject the light
of the gate pulses introduces modulations of the spectra.
Though this measurement artefact has been corrected to the
best of our knowledge; slight modulations remain never-
theless. These modulations are the origin of the step-like
shape of the data in Fig. 2. The duration of the instrumental
response function of the set-up is ~0.15 ps (FWHM). Its
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width was determined in an independent experiment using
spontaneous Raman scattering of water as a reference.

The spectral dependence of time zero induced by the
group velocity dispersion of the optical components was
derived by the following procedure. The BR sample was
replaced by pure water and a white light continuum was
generated at an increased pump pulse energy in the water-
filled sample cell. The continuum is generated via a
nonlinear off-resonant process, which is assumed to be
instantaneous on the time scale of our experiment. There-
fore, in the sample cell, all spectral components of the
continuum are generated at the same instant. Due to
dispersion the spectral components then collect wavelength
dependent delays on their way to the Kerr medium. These
delays were determined by measuring the peak position of
the continuum pulse along the time axis at a given
wavelength. The resulting time zero dependence is in good
agreement with predictions based on the dispersion data of
the materials involved. The recorded fluorescence data were
corrected using these peak positions. The uncertainty of this
time zero correction is estimated to be about +0.02 ps and
stems mainly from the uncertainty of the exact position of
the white light generation in the 1.0-mm-thick sample cell.

For the data presented here at every setting of the delay
line the signal was accumulated for 3-6 s or 3000-6000
laser shots, then signal traces of 12-24 scans of the delay
line were averaged.

Isolation of bacteriorhodopsin from cells was carried out
according to the standard procedure [21]. After lysis of the
cells in the presence of DNAse I (Sigma, Steinheim,
Germany), the resultant membrane fragments were washed
with water and then purified by centrifugation on a sucrose
gradient (25-45% w/w). Membrane fractions of buoyant
density 1.18 g/ml were collected, washed repeatedly with
water and then resuspended in the appropriate buffer
solution (pH=7.5) for spectroscopic measurements. The
samples were circulated through fused silica flow cells with
an optical path length of 1.0 mm.

The absorbance of the sample was 2.0 OD at 568 nm. In
the experiments on the intensity effects, this high optical
density in combination with the cell length of 1.0 mm can
lead to intensity-dependent penetration depths. These in turn
might deteriorate the temporal resolution in the high-intensity
experiments due to group velocity differences between
excitation and fluorescence light. Calculations based on
water dispersion data predict maximal apparent shifts in the
temporal behaviour of the fluorescence of 0.04 ps. In this
prediction, it was assumed that fluorescence light stemming
from the whole length of the sample cell contributes to the
signal. Yet, the optics used to collect the fluorescence light
have a depth of field of 0.5 mm at best. Therefore, these shifts
are not expected to be higher than 0.02 ps, being smaller than
all other temporal effects discussed here.

Attention was paid to adjust the circulation speed, such
that the sample was replaced after each laser shot. BR was
light-adapted by continuous illumination with the light of a

cold light source (KL 2500 LCD, Schott), which passed OG
550 and KG 5 filters, which suppress the UV and NIR part
of the spectrum, respectively.

3. Results
3.1. Low excitation density

In order to investigate BR under conditions similar to
native, we performed experiments where the excitation
density was kept at 0.3 photons per BR molecule. Under
these conditions, nonlinear signal contributions are highly
unlikely (see “Experimental” and the next section). BR
excited with femtosecond pulses at 565 nm emits a broad
and very short lived fluorescence (Fig. 1a). In the spectral
range (630 nm—900 nm) covered by the Kerr gate set-up,
this emission decays on the sub-picosecond to picosecond
time scale. A qualitative analysis shows a predominant fast-
decay component in the blue part of the spectra and a
somewhat slower (~0.5 ps) decay component in the red part
of the spectra. Additionally, there is also a picosecond decay
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Fig. 1. Time-resolved fluorescence spectra of bacteriorhodopsin excited at
low excitation density (~0.3 photons per molecule). (a) Overview. (b)
Contour plot of the behaviour around time zero. The line represents the
peak of the fluorescence at a given wavelength.
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component with a rather small amplitude that can be seen as
a small offset at later delay times.

In addition to these decay patterns, a spectral shift on the
time scale of a few 0.1 ps is observed. To illustrate this shift,
we first adopt the usual representation and plot the
fluorescence maxima at a given delay time versus that time
(Fig. 2). From this representation, it seems to be clearly
evident that the fluorescence emission red shifts with time.
Immediately after photoexcitation, the maximum of the
fluorescence is located at 650 nm. It then approaches the
steady state maximum of 750 nm in about 0.2 ps and
remains nearly constant thereafter. Assigning these features
to a dynamic Stokes shift seems to be close at hands.
However, the wavelength-dependent decay kinetics men-
tioned above could also mimic such a shift. An analysis of
this contribution is easier when using a different representa-
tion of the shift dynamics. In Fig. 1b, we mark the peak of
the fluorescence intensity along the time axis for a given
wavelength. Trivially, in that representation, a shift is also
present. The peak moves to longer delay times for increasing
wavelengths. This dependence could stem from the afore-
mentioned increasing decay times towards longer wave-
lengths. For a finite instrumental response time, an increased
decay time moves the peak of the fluorescence intensity to
later delay times. Simulations demonstrate that this effect is
indeed present but not sufficient to explain the experimen-
tally observed shift (see Fig. 3). Depicted is the emission as a
function of time (time traces in the following) recorded at
the blue (650 nm, crosses) and the red side (800 nm,
triangles) of the fluorescence spectrum. The peaks of these
time traces are ~0.08 ps apart. We tried to reproduce this
effect by fitting the data using a common time zero for the
650 and 800 nm time trace (Fig. 3, solid and dashed line). A
prolonged decay time at 800 nm indeed shifts the peak
towards longer delay times. However, this accounts for only
less than one third of the experimentally observed shift.
Thus, we are indeed dealing with a dynamic Stokes shift.
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Fig. 2. Dynamic Stokes shift of the fluorescence spectra of bacteriorhodop-
sin (excitation with low excitation density, ~0.3 photons per molecule). The
step-like shape of the data results from the measurement artefact mentioned
in “Experimental”. The dashed line is inserted as a guide to the eye.
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Fig. 3. Normalised time traces of BR. Experimental data points are plotted
for 650 nm (crosses) and 800 nm (triangles). Simulated time traces at 650 nm
(solid line) and 800 nm (dashed line) are plotted with a common time zero.
The simulated shift of the maxima accounts only for one third of the
experimentally observed shift.

Dynamic parameters on the fluorescence decay were
extracted by a global fitting routine using a multiexponential
trial function convoluted with a Gaussian. The Gaussian
represents the experimental response function. In this fitting
routine, the time zero was treated as a free parameter for all
wavelengths to mimic the effects of the dynamic Stokes shift.

The decay traces at all wavelengths >630 nm are nicely
reproduced by a trial function using three time constants.
The global fit yielded time constants of 7,~0.05 to 0.15 ps,
7,~0.45 ps and 13~3 to 10 ps. The amplitude related to the
fast time constant has its maximum around 650 nm and
decays towards the red part of the spectra. The presence of a
dynamic Stokes shift indicates that an exponential model
cannot handle the data properly in the first few 0.1 ps. Thus,
the value for the shortest time constant given above is an
approximation—not only numerically but also conceptually.
As the second (~0.45 ps) and third (~3 to 10 ps) time
constants are longer than the dynamic Stokes shift, a rate
model is better justified for the determination of their value.
The amplitude maximum of the second time constant peaks
around 750 nm, the maximum of the steady state
fluorescence (decay associated spectra not shown here).
The third time constant has a very broad spectrum with its
amplitude maximum shifted even further to longer wave-
lengths. Since the amplitude is relatively low (<5% of the
initial fluorescence emission), only a wide range of 3—10 ps
can be given for this time constant.

3.2. High excitation density
In a series of time-resolved fluorescence measurements,

the excitation density was raised in several steps from 0.3 to
40 photons per molecule. All experiments with excitation
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densities below ~1 photon per molecule yielded results
identical to the 0.3 run described above. Experiments with
excitation densities ranging from 1 to 40 photons per
molecule showed increasing deviations in the spectro-
temporal behaviour of the data.

At three different detection wavelengths (650, 730 and
800 nm), decay traces are plotted on a logarithmic scale
versus delay time (see Fig. 4). The solid line represents the
fluorescence signal of BR at low excitation density of ~0.3
photons per molecule. The dashed line represents the
fluorescence signal of BR at high excitation density of
~40 photons per molecule. Two significant changes are
observed:

(i) The amplitude of the fastest time constant (<0.15 ps)
strongly increases with increasing excitation density.
This effect becomes more pronounced at longer
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Fig. 4. Time traces at different wavelengths and excitation densities (solid
line: ~0.3 photons per molecule, dashed line: ~40 photons per molecule).
The different time traces have been normalised with respect to each other at
~0.3 ps. (a) 650 nm; (b) 730 nm; (c) 800 nm.

wavelengths. Also, a shift of the peak of the
fluorescence towards later delay times is observed
(see Fig. 4, dashed lines).

(i) The decay time of the second time constant increases
from ~0.45 to ~0.7 ps with increasing excitation
density (see also Fig. 4, dashed line). The spectral
signature of the amplitudes of the second time constant
does not show a dependence on the excitation density.

4. Discussion

The experimental results can be summarised as follows.
At low excitation density, a biphasic behaviour with time
constants of <0.15 and ~0.45 ps and a dynamic Stokes shift
of the fluorescence maxima towards longer wavelengths are
observed. At high excitation density, there is at all
wavelengths a strong and fast decaying emission. The time
constant of the slower component is increased from ~0.45
to ~0.7 ps.

4.1. Low excitation density

Time-resolved fluorescence spectra of molecular systems
undergoing ultrafast photoreactions are expected to feature
the following characteristics. (i) Due to a (damped) motion
on the excited state surface, the energy gap between ground
and excited state decreases with time. Such dynamic Stokes
shifts are observed in molecular systems with bound and
reactive excited state potential energy surfaces. In bound
systems, this effect is often due to the dielectric relaxation of
the solvent surrounding the excited molecule [22,23]. The
shift induced by this relaxation conserves (apart from the v°
factor) the spectrally integrated fluorescence intensity. In
reactive systems, in addition to these solvent-induced
effects, shifts caused by a motion along reactive internal
coordinates may take place. (ii) In the course of these large
amplitude motions, the Franck—Condon factors for the
emission and/or the transition dipole moments may vary
causing a variation (usually a reduction) of the spectrally
integrated fluorescence intensity [23,24]. Such intensity
effects are frequently observed in time-resolved spectra of
molecules undergoing ultrafast processes. Examples range
from azobenzenes [25,26] over nitroanilines [27] to
triarylpyrylium dyes [24]. These experimental findings are
in line with quantum chemical calculations [27,28] that
often predict a substantial change of the transition dipole
moment upon large amplitude motion. (iii) Following these
processes in the excited state, its depletion by internal
conversion then terminates the fluorescence emission.

In the fluorescence data on BR reported here, all these
features can be identified. The peak of the fluorescence
spectra moves towards longer wavelengths with a charac-
teristic time of ~0.2 ps (dynamic Stokes shift). Concom-
itant with that shift, a decay of the overall fluorescence
intensity on the very same time scale is observed
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(reduction of the emission probability). Finally, with a time
constant of 0.45 ps, the greater part of the fluorescence
intensity is terminated (internal conversion). The last two
features are recovered in transient absorption experiments
in which a biphasic decay of excited state signatures with
time constants of 0.1-0.2 and ~0.5 ps is observed [8,9,11].
The recovery of the ground state and the formation of
photoproducts proceeds with the slower of the two time
constants [11]. This further substantiates the notion that the
<0.2-ps decay time is solely due to processes in the excited
state and not to a partial decay of this state.

Surprisingly, the spectral shift reported here has not been
mentioned in the literature hitherto. This applies to time-
resolved absorption as well as to fluorescence experiments.
In fact, most of the transient absorption experiments claim a
nearly instantaneous rise of the stimulated emission
[10,11,14,18]. There are, however, indications for such a
shift. In the data reported by Ye et al. [29], the rise of
stimulated emission recorded in the spectral range from 800
to 950 nm is delayed by ~0.02 ps. Evidently, this delay is
much smaller than the one described here. Since around the
fluorescence maximum, there is nearly no stimulated
emission in the transient absorption signal, the existence
of an excited state absorbance around the fluorescence
maximum was suggested [10,18,19]. As the excited state
absorption may respond differently to processes occurring in
the excited state than the stimulated emission (or the
fluorescence), one could imagine that the spectral dynamics
observed in time-resolved absorption and fluorescence
experiments need not to be identical. However, in the
spectral region of the stimulated emission, no (or only a
small tail of this) excited-state absorbance is detected
[10,11,18]. Therefore, the origin of the nearly instantaneous
rise of the stimulated emission in comparison to the
dynamic Stokes shift cannot be explained here on the basis
of experimental results and has to remain the object of
further investigation.

In the two other femtosecond fluorescence experiments
on BR [15,16], no emphasis was laid on the detection of a
delayed rise and it cannot be excluded that this effect was
therefore missed. Here, to our knowledge, a dynamic Stokes
shift is demonstrated for the first time.

In the following, we will compare this Stokes shift with
predictions made by the competing models on the primary
events in the photocycle of BR. These models (a very recent
overview is given in Ref. [30]) can be roughly divided in
two groups. The two-state models [8,9,14,30-33] claim that
two electronic states—the ground state and one excited
state—suffice to describe the photodynamics. In the three-
state models [10,34], the potential energy surface of a
second excited state comes into play, which is believed to
interact with that of the primarily excited state. The first
group can be further divided by the fashion in which the
motions on the excited state potential surface are treated.

The simplest model is the two-state, one-mode model.
Here, the only vibrational mode considered is the torsional

mode around the C;3=C;4 double bond, which is either
treated inertially or overdamped. In the inertial case [32],
the decay of the electronically excited state is fast relative to
the vibrational equilibration. In the overdamped case [8,9],
the wavepacket generated in the excited state is driven out
of the Franck—Condon region in less than 0.2 ps by a
reactive potential energy surface along a barrierless path.
This movement is accompanied by at least partial vibra-
tional relaxation in the electronically excited state. The
conical intersection with the ground state is believed to be
situated midway between the all-frans and the 13-cis
geometry. By internal conversion within ~0.5 ps, the
molecule relaxes to a hot electronic ground state from
where it either relaxes back to the all-trans configuration or
is fully isomerised into the J intermediate state. In this
model, the J intermediate state represents the 13-cis
electronic ground state from where the molecule relaxes
into the K ground state within 3-5 ps.

In the two-mode [14,31,33] model, in addition to the
low-frequency torsional coordinate, a high-frequency
stretching coordinate is involved. An initial motion out of
the Franck—Condon region towards a stationary point along
the stretching coordinate results in a relaxation of C—C
distances. The wavepacket then moves along the torsional
coordinate towards a conical intersection within ~0.5 ps.
Also, in this model, the J intermediate is said to have the
13-cis configuration.

The many-modes model [30] includes not only a low-
frequency torsional but several higher-frequency modes as
reaction coordinates. By following a reaction chain during
which in each step another vibrational coordinate is excited
the isomerised configuration that represents the K ground
state is reached within 3.5 ps. The pathways over the C—C
stretch and the HOOP (hydrogen out-of-plane) vibrational
relaxation lead to the nonreactive, i.e., nonisomerising
intermediates I and J in the electronically excited state.
The relaxation of these intermediates to the electronic
ground state occurs within 0.1-0.2 and 0.5 ps, respectively.

The three-state models [10,34] claim that due to
interaction between the S; and the S, state barriers along
the torsional coordinate exist. Following photoexcitation
into a relatively flat Franck—Condon active region, this
barrier is surmounted in ~0.5 ps. By passing this barrier, the
J intermediate is formed, which here is considered to be an
excited state species. The decay of the J intermediate
partially replenishes the all-frans ground state and partially
forms the K intermediate.

As the Franck—Condon active region in the three-state
model is relatively flat and separated from a steeply sloped
reactive region by a small barrier, no Stokes shift is expected
to be found. Instead, an instantaneous rise of the fluo-
rescence at all wavelengths is expected. Therefore, the
dynamic Stokes shift found here does not fit into this model
very well. On the other hand, the two-state overdamped
model clearly requires a dynamic Stokes shift on the time
scale of the motion of the wavepacket out of the Franck—
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Condon active region. The two-states, two-mode model is
able to provide an explanation for a dynamic Stokes shift as
well. The emission dynamics for early delay times in this
model depend on the initial spectral distribution and the
time scale of the relaxation along the high frequency
coordinate. Another possibility for the appearance of a
dynamic Stokes shift could be described by models that
include a branching mechanism out of the Franck—Condon
active region into distinct molecular pathways. Such an
approach would require several reaction coordinates instead
of only a torsional one [11]. For example a bifurcation into a
reactive and a nonreactive vibrational coordinate could lead
to a dynamic Stokes shift on the time scale of the relaxation
of the nonreactive vibration while the pathway over the
reactive vibrational coordinate would lead to the formation
of the isomerised configuration.

Definitely, simple inspection of the experimental data
presented here does not allow one to settle the mechanisms
of the primary reactions of BR. Such a decision would
require an in-depth comparison of simulated data based on
the various models with the experimental results. Here, we
just note that fluorescence data should simplify this
comparison. Contrary to absorption experiments, the
excited-state absorptions need not be considered.

Prior to advancing to the high excitation density experi-
ments, the third (picosecond-) time constant has to be
discussed. The amplitude related to such a time constant has
been found to be very small (<5%) compared to the other
two time constants. Since the amplitude is so small, only an
estimate of ~3 to 10 ps for this time constant can be given.
This is in good agreement with Ref. [16]. The much higher
amplitude of up to 25% reported by Ref. [15] might stem
from the fact that the sample in this experiment could not be
exchanged with each excitation pulse and therefore accu-
mulation of a steady state concentration of intermediates
could not be excluded.

Since a fluorescence decay time of =10 ps is found for
BR molecules with a locked retinal chromophore [16,35],
that component should not be assigned to the dynamics of
the excited state surface of fully functional BR molecules.
Instead, we suggest this remaining fluorescence to stem
from inactive BR molecules in the sample, like molecules
with steric hindrance.

4.2. High excitation density

By applying high-intensity ultrashort laser pulses to the
sample, multi-photon and multi-step absorption processes
with excitation of higher electronically excited levels can be
expected (in the following, we use the term multi-photon
absorption for both processes). In fact, indications of such
processes in BR have been found by fluorescence [36] and
transient absorption experiments [20]. Although the systems
are not completely comparable, there is evidence of a
saturation behaviour in the reaction centres of Photosystem
IT of green plants and of the purple bacterium Rhodobacter

sphaeroides at excitation densities above 0.5 photons per
molecule [37]. This is—particularly when considering the
slightly different ways of calculating the excitation den-
sities—of the same order as the saturation behaviour found
in this work.

The multi-photon process of lowest order to be consi-
dered is a 2-photon absorption. For the excitation at 565 nm
in the experiments described here excited states in the
spectral range of 280 nm are accessible. Since the 2-photon
process can occur via a resonant intermediate state
(Sp—™S178S,), it is expected to be rather efficient.

With the occupation of higher excited states S,, of BR, a
change in the emission dynamics should occur. One effect
of this occupation should be the observation of radiative
transitions between the S,, state and other electronic states.
Since the S, state is expected to decay rapidly via internal
conversion, the fluorescence emission caused by these
radiative transitions should be very short-lived. Never-
theless, such a process should delay the peak of the
emission by some time. As the energy gap between higher
excited states may be smaller than the S;—S, gap,
transitions among higher excited states may result in a
red-shifted fluorescence emission. Indeed, with increasing
excitation density, the ultrafast component (Fig. 4) gains
dramatically in amplitude. Apart from the observation of a
slight shift of the emission peak towards later delay times,
our time resolution does not allow to separate the ultrafast
component into a ‘normal’ low-intensity contribution and a
high-intensity part. But the spectral signature of the high-
intensity component—it is predominantly observed in the
red part of the spectra—underscores the notion that this
emission is due to transitions among higher electronic
states.

As a second effect of the 2-photon excitation one expects
an apparently increased lifetime of the S; state. Population
transferred from the S; to higher excited states has to return
to this state prior to its decay. Trivially, the internal
conversion from the higher excited states takes time,
resulting in the effectively increased lifetime. This increase
is experimentally observed. By analysing the second decay
component, an increase of the decay time was measured,
which ranges in the excitation regime of 1 to 40 photons per
molecule between 0.45 and 0.7 ps. Furthermore, the
spectrum associated with this decay is not affected by the
excitation density. This indicates that under all conditions,
the decay of the same state, namely the S;, is observed. Of
course, the transfer to higher excited states might open the
route to other reaction channels and/or other regions of the
S; surface might become accessible. However, such effects
if present leave no spectroscopic imprint here.

Both observations can be explained by a 2-photon
absorption according to our previous considerations. This
leads us to the conclusion that, compared to experiments
with low excitation density, the behaviour of BR is changed
under high excitation density conditions by preparing BR
molecules with a mixture of higher excited states.
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5. Conclusion

The photoprocesses of BR have been a topic of research
for over 30 years. After absorption of a photon, a reaction
cycle with several intermediates (J, K, L, M, N, O) is
initiated. Though the time constants associated with the
transformation of these intermediates are quite accurately
settled, the underlying processes particularly of the primary
reaction are still under debate. Since the efficiency of these
first steps is the basis for the high overall quantum yield of
the BR photocycle, a profound knowledge of these
processes is highly desirable. There is consensus that the
primary reactions lead to a retinal chromophore isomerised
around its C;3=C;4 double bond. The pathways to that
isomer—the numbers of vibrational modes and even
electronic states involved—are still not resolved in detail.
This situation reflects the fact that the problem is very
involved theoretically and experimental (mainly spectro-
scopic) results are often ambiguous. Most experimental
information rests on transient absorption spectroscopy.
Here, absorption signals of excited states render the
comparison with theoretical modelling particularly chal-
lenging. Not only the potential energy surface of the state in
which the photoreaction takes place has to be calculated but
also those of higher electronic states. In fluorescence
experiments, the demand on modelling is relaxed; only
the ground and one excited state contribute to the signal.
Here, for the first time, femtosecond fluorescence experi-
ments on BR employing the Kerr technique have been
presented. This technique is particularly suitable to record
complete time-dependent fluorescence spectra. By carefully
studying the dependence of the fluorescence signals on the
excitation densities, some discrepancies found in the
literature could be assigned to multi-photon effects. In the
one-photon regime, for the first time, a dynamic Stokes
shift, i.e., a red shift of fluorescence spectra with time, has
been detected. The shift proceeds with a characteristic time
of 0.2 ps and is indicative for a fast re-arrangement on the
reactive surface. In agreement with other experiments, time
constants of <0.15 and ~0.45 ps for the decay of the
fluorescence have been determined.
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