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A series of all-trans-carotenoids with N=9, 13, and 15 conjugated bonds has been studied by
pump-probe and pump-deplete-probe spectroscopies to obtain a systematic analysis of the energy
flow between the different electronic states. The ultrafast dynamics in the carotenoids are initialized
by excitation to the S2 state and subsequently manipulated by an additional depletion pulse in the
near-IR spectral range. The changes in the dynamics after depletion of the excited state population
allowed differentiation of the excited state absorption into two components, a major one
corresponding to the well known S1 state and the small contribution on the red wing of the S0-S2

absorption band originating from the hot ground state. We found no evidence for an additional
electronically excited state, usually called S*. Instead, a deactivation mechanism that includes the
hot ground state supports the observed results nicely in the framework of a simple three state model
�S2, S1, and S0�. © 2006 American Institute of Physics. �DOI: 10.1063/1.2388274�

I. INTRODUCTION

Carotenoids perform a variety of critical functions in na-
ture including acting as photoprotection chromophores,
structural elements, and accessory pigments in the light
harvesting.1 Their photochemistry depends strongly on the
deactivation dynamics of the first two excited low-lying sin-
glet states.2 In the current standard energy model for caro-
tenoids, the excitation by a blue-green photon in the visible
region is to the S2 state �1Bu

+�, the first allowed one-photon
transition from the ground state S0 �1Ag

−�. The population
then decays through two channels: fast internal conversion to
the lower-lying singlet excited state S1 �2Ag

−� or directly
back to the ground state emitting fluorescence.3 Furthermore,
as one could expect, in the internal conversion between S2

-S1 the excited vibrational levels of S1 take part in the
deactivation.4–6 The S1 state decays much slower to the
ground state with time constants lying in the picosecond time
scale and strongly depends on the length of the carotenoid,5

as satisfactorily described by the energy gap rule.7 This

simple three level model was challenged by theoretical cal-
culations of Tavan and Schulten who predicted the presence
of two or three additional dark states lying in the vicinity of
the S2 state, which could also be active in the deactivation
network. Some experimental work supports this claim, for
example, the 1Bu

− and 3Ag
− states have been tentatively iden-

tified in transient absorption measurements performed in the
near IR �Ref. 8� and more recently in the visible,9 where
depending on the carotenoid length, either the 3Ag

− or the 1Bu
−

would take part in the internal conversion. Besides that, evi-
dences for these states were also found in static resonant
Raman excitation profiles, in agreement with the predicted
energy scaling.10–12 Measurements performed for beta caro-
tene in the near IR with high temporal resolution attempt to
associate a sub-50 fs dynamics around 800–1000 nm to the
1Bu

− dark state �though for lack of certainly label it simply
Sx�.

13 This result was recently shown to be the outcome of a
two-photon absorption to a higher singlet state.14 In another
set of experiments, the 1Bu

− has been associated with absorp-
tion on the red wing of the S0-S2 absorption band �usually
called S*� in light harvesting complexes,15,16 while the same
wing is explained as a vibrationally excited ground state �hota�Electronic mail: motzkus@staff.uni-marburg.de
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S0� in long carotenoids.17 In the latter study, the main argu-
ment was based at the very different decay times between S1

and S* measured for carotenoids with 15 and 19 conjugated
bonds. In the case of N=15, decays of 1.1 and 6.6 ps were
encountered for S1 and S*, respectively. Very recently, Papa-
gianakis et al.18 reinvestigated the carotenoid �rhodopin glu-
coside� embedded in the light harvesting complex �R.acido-
phila� and proposed a mechanism for the origin of the red-
wing contribution of the S0-S2 absorption band by means of
the relaxation of a highly lying Sn, which is excited via a
two-photon excitation of the pump pulse. In order to obtain
reasonable strong transition probabilities the two-photon ex-
citation model postulates the existence of an excited state
absorption �ESA� transition in the visible from S2. Although
the environment of the protein matrix probably leads here to
different conformations of the carotenoid and therefore
opens additional relaxation channels, the presence of nonlin-
ear interactions is an important aspect which should
be always considered since their influence is often
underestimated.14

From the results cited above it is obvious that all these
proposed experimental observations do not agree in every
aspect and further analysis is needed to achieve a generalized
picture.

In order to help to disentangle the nature of these spec-
tral signatures, we addressed the question whether these in-
termediary dark states are playing any role in the deactiva-
tion network of carotenoids in solution and what is the nature
of S* by using a modified pump-probe technique.19 The ob-
tained results led us to conclude that the assumption of a hot-
S0 component can be associated with the red wing of the
S0-S2 absorption band and therefore the energy level scheme
with three different electronic states, 1Bu

+, 2Ag
−, and 1Ag

−, de-
scribes satisfactorily the entire dynamical behavior.

In this paper, a series of all-trans-carotenoids with N
=9–15 conjugated bonds �labeled m9, M11, M13, and M15;
see Fig. 1� was studied in order to further investigate the hot-
S0 hypothesis. First, transient absorption measurements were
done systematically for this family of carotenoids with simi-
lar structure and terminal groups, focusing on the compari-
son of the relaxation times of the red wing of the S0-S2

absorption band, where the S* band should be located, with
the S1 transient absorption peak. In a second experiment, the
pump-depletion-probe experiment was performed using a
higher temporal resolution �almost three times better� than in

our previous work19 and also varying the wavelength of the
depletion pulse. The idea behind this three pulse pump-probe
technique is to launch the system to an excited state and then
interfere with the evolution of the system at a point which is
normally inaccessible with just one pump pulse.19–22 In the
case of carotenoids, this point is exactly the moment that
follows the arrival of population at S2, thus depleting the
usual decay pathway. We show that the interpretation of the
red wing of the S0-S2 absorption band being a vibrationally
excited ground state, instantaneously populated by stimu-
lated Raman scattering, is again consistent with the experi-
mental results.

II. EXPERIMENTAL DETAILS

The all-trans-carotenes m9, M13, and M15 were synthe-
sized by a reduction dimerization �McMurry reaction� as de-
scribed in Ref. 5. The all-trans-�-carotene �M11� was pur-
chased from Aldrich and used as received. All samples were
prepared in N2 atmosphere, in order to avoid degradation.
They were dissolved in benzene without any further purifi-
cation, resulting in a maximum static absorption of the
S0-S2 transition between 0.25 and 0.4 optical density �OD�. A
rotating cell with windows of 1 mm thickness was used in all
experiments.

The experimental configuration of the pump-probe ex-
periment was very similar to Ref. 19. The pump laser pulse
was provided by a homebuilt noncollinear optical parametric
amplifier �nc-OPA� which was varied between 480 and
560 nm in the wavelength dependence studies. Pulse dura-
tions were below 35 fs. White-light continuum was used as
probe pulse in all experiments which was generated in a
sapphire crystal by a fraction of the energy of the fundamen-
tal laser �800 nm�. In the transient absorption experiments
the pump was tuned to the S2 0-0 vibrational band for caro-
tenoids with N�11: 495, 525, and 555 nm for M11, M13,
and M15, respectively. In the case of m9, the idler of the
nc-OPA at 900 nm was doubled to 450 nm and used to pump
m9 between the 0-0 and the 0-1 peak.

The main difference between this setup and our previous
experiment19 was the use of a second homebuilt nc-OPA in
the depletion experiments, which gave a much higher tem-
poral resolution to the depletion experiments. Depletion
measurements were made using two distinct wavelengths,
940 and 1000 nm. In both cases, the spectrum had a full
width at half maximum �FWHM� around 50 nm and pulse
duration below 40 fs. The detection system was improved by
the use of a diode array in combination with a spectrograph
�Acton 300i�.

In order to find precisely the zero delay between the
visible pump pulse and near-IR �NIR� depletion beam, a
characterization setup was built to measure the cross corre-
lation �XC� at the exact position of the sample. The zero
delay between the white light and pump laser was deter-
mined using the nonresonant coherent artifact in pure ben-
zene generated in the same cell. The zero-delay point could
be determined with an error smaller than 10 fs. The energies
used for the pump were less than 80 nJ and for the depletion

FIG. 1. Chemical structure of �-carotene homologs. The uppercase M
stands for Macro-�-carotene and the lowercase for mini-�-carotene. The
numbers stand for the number of conjugated double bonds.
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less than 1.4 �J. After focusing with concave mirrors the
intensities were around 4�1014 and 5�1015 photons/cm2,
respectively.

III. PUMP-PROBE-MEASUREMENTS

The kinetic transients of all four studied carotenoids are
shown in Fig. 2. The excitation always took place at the 0-0

transition leading to continuously increasing wavelengths for
the respective peaks of S0-S2 bleaching, and S* and S1 bands.
Note here that the label S* refers simply to the excited state
absorption band appearing on the red edge of S0-S2 absorp-
tion band and not as a separate excited state as previously
defined in Ref. 16. The results are summarized in the Table I.
In many aspects, all kinetics show similar behavior.

A. Rise time of S1 and S*

The rises of the S1 signals were fitted with two exponen-
tial components in all carotenoids when pumped at 0-0. The
slower component is associated with the decay time of the
S1 precursor, a hot S1, and it ranges from 0.55±0.10 ps �9%
contribution� in the M15 to 3.6±0.4 ps �40%� in m9. These
values are in good agreement with previous studies.5,19 Also
the shorter time component for M11, 170±10 fs, matches
well with other measurements.23 For m9, this second compo-
nent does not increase substantially and is around 180±5 fs.
The values of the second component for M13 and M15 are
both below the 100 fs time scale, 90±10 and 50±10 fs, re-
spectively, and are in line with the results from a previous
experiment.24

The rise of the S* signal exhibits a more interesting be-
havior but is more complicated to fit due to the overlap with
the stimulated emission from S2. For the smaller molecules
m9 and M11, the rise time was fitted with single exponentials
of 190±10 and 140±10 fs, respectively. However, for the
longer carotenoids, M13 and M15, the growth rates had to be
fitted with two time constants. One of them is very fast and
could not be resolved by our experimental setup, while the
slower contribution lies in the same range as the fast com-
ponent of the S1 rise, 50 and 90 fs, respectively. The rise
time measured for all homologs matches the fluorescence
lifetime for S2 found recently in other studies.23,25 Particu-
larly, the femtosecond fluorescence experiment of Konsumi
et al.25 shows a remarkable agreement with our rise times:
70 fs for M15, 90 fs for M13� �absence of methyl group�,
150 fs for M11, and 210 fs for m9.

From the data for the rise times of the S1 and S* bands it
can be concluded so far that the relaxation path towards S1

FIG. 2. Fitted pump-probe transients for �A� m9, �B� M11, �C� M13, and
�D� M15 at different wavelengths corresponding to induced absorption from
S* �circles� and S1 �triangles� and ground state bleach �squares�. For all
carotenoids, the bleach signal corresponds to the shortest wavelength, the S*

signal is at the intermediate wavelength and the S1 signal is the reddest.

TABLE I. Relaxation and rise time constants for the carotenoid homologs. Fluorescence times, when available,
are also shown. All values in ps.

m9 M11 M13 M15

S1 41.5±0.9a 9.5±0.2a

9.3±0.4b
2.52±0.02a

2.8c
1.02±0.02a

1.1c

S* 39.1±0.9a 10.2±0.1a 6.7±0.5a 7.7±0.9a

Bleach recovery
�two components�

NA �I� 0.16±0.02 �65%�a

�II� 10.4±0.2 �35%�a
�I� 0.17±0.02 �79%�a

�II� 7.4±0.9 �21%�a
�I� 0.15±0.02 �81%�a

�II� 8±1 �19%�a

S2 0.180±5 0.17±0.1a

0.16±0.01e
0.09±0.01a

0.112±0.003e
0.05±0.01a

0.047±0.05e

Fluorescence 0.210d 0.180±0.015f, 0.150d 0.09d �0.1g, 0.070d

aThis work.
bReference 19.
cReference 29.
dReference 25.
eReference 24.
fReference 26.
gReference 17.

194505-3 Pump-probe spectroscopy on carotenoids J. Chem. Phys. 125, 194505 �2006�



necessitates a hot S1 state and that the rise time of the S*

corresponds roughly to the S2 lifetime. The spectral overlap
between the S* and the stimulated emission does not allow an
unambiguously analysis of the rise time of the S* signal, i.e.,
whether it rises instantaneously or with a finite rise time.19

The assumption of an intermediate state between S2 and S1 is
not supported but also cannot be completely abandoned be-
cause of our temporal resolution. In principle, it is possible
that the faster rise component observed for all carotenoid S1

states could be hiding an intermediate dark state.

B. Decay time of S1 and S*

The decay of the peak of the S1 ESA band was fitted
with just one decay rate for all molecules and pump wave-
lengths. As expected from the energy gap rule, the longer the
carotenoid, the faster is the decay: m9 with 41.5±0.6 ps,
M11 with 9.5±0.2 ps, M13 with 2.5±0.1 ps, and M15 with
1.02±0.02 ps. These values are again in good agreement
with the ones obtained by other groups.5,17,23,24 The decay of
S* shows a different behavior instead. For m9 and M11, the
S* decay seems to correspond to a single exponential decay
with a time constant of S1, independent of the excitation
wavelength, e.g., if the molecule was pumped at 0-0 or
higher. For M13 and M15, it was necessary to fit the decay
with two components. The faster component scales with the
single decay of S1, 1.05 and 2.5 ps, respectively, while the
slower one is 6.7±0.5 ps �50%� for M13 and 7.7±0.9 ps
�22%� for the M15. These values of the S* decay are very
different from the S1 decay values for these two molecules. A
similar behavior has been also observed in Ref. 17 for the
same wavelength in M15 but for M13, no data are available.
The faster component of S* band might be explained by con-
tribution from S1 since the broad bands lead to considerable
overlap at this spectral position. The fact that S* decays, for
carotenoids with N�11, with a similar time constant of S1,
while for longer ones it has a slower decay, is a strong indi-
cation that S1 and S* have a different nature. The decay time
of S* does not vary as S1 with the carotenoid length, i.e., it
does not obey the exponential energy gap rule like S1 does.
The S* lifetime dependence on the number of double bonds
and the spectral superposition between the S* band and the
fluorescence of S2 lead us to propose that S* is a vibrationally
excited ground state. The decay of S* is then the cooling of
the hot S0 to the cold S0. This hypothesis will be later rein-
forced by the results from the depletion experiment.

C. Bleach of S2-S0 transition

For carotenoids with N�11, it was additionally possible
to measure the bleach signal at shorter wavelengths at
495 nm �M11�, 525 nm �M13�, and 550 nm �M15� which
can be attributed to transitions between the ground state S0

and the S2 state. In the case of M11 which has been also
investigated in our previous work, it is not possible to relate
the origin of the bleach recovery to S* or S1 because of the
similar values of the time constants. However, in the case of
the two longer carotenoids, M13 and M15, the slower com-
ponent is unambiguously in the same range of the S* decay.

The strong correlation adds another argument that supports
the existence of a population deactivation pathway that is
different from S1.

D. Dependence of dynamics on excitation wavelength

Transient absorption measurements were also done for
different pump wavelengths in order to study the influence of
vibrationally excited levels in S2 on the energy flow. The
study was performed on M15 only since it exhibits the big-
gest difference between S* and S1. The pump laser was tuned
from the S2 0-0 transition to the 0-1 and 0-2 bands for this
purpose. Two observations can be made which show small
differences from the general behavior of the transients: a
long component in the S1 spectral region and an alteration of
the S1 rise time. Because of the small contribution ��4% � of
the additional decay component, it is difficult to extract very
accurate numbers from the fit. The component is only ob-
servable in the S* region and it is restricted to the center blue
wing region of the ESA. The change of the excitation wave-
length to the 0-2 transition leads in the case of the S1 rise
time to a slower time constant �80 fs� compared to the exci-
tation of the 0-0 transition �50 fs�. Such behavior is expected
for the propagation of a wave packet on the S2 surface: the
higher the wave packet is launched on the S2 surface, the
longer it takes for the wave packet to evolve on the S2 po-
tential energy surface and consequently delaying the popula-
tion relaxation. Such vibrational cooling inside S2 was al-
ready observed for smaller carotenoids �neurosporene�26 but
nothing similar has been observed for the S* band.

IV. PUMP-DEPLETE-PROBE MEASUREMENTS

The depletion experiment makes use of the fast S2-Sn IR
ESA bands recently observed for several carotenoids.8,13,24 It
consists of keeping the delay between the pump and probe
constant and then scanning the delay between an additional
depletion pulse and the fixed pump-probe pulses. The idea of
this scheme is to change the population after the excitation
by intercepting the normal relaxation by depletion and to
identify specific states or nodes of the energy flow network
which are dependent on this additional pulse. The depletion
experiments were made for M11, M13, and M15. The results
are summarized in Fig. 3 and lead to a consistent behavior
independent of the molecule and of the pump or depletion
pulse wavelength: the depleted band is centered at the S1

absorption band, while the S* band is not affected at all by
the depletion pulse �Figs. 3�A�, 3�C�, and 3�E��. Further in-
formation can be obtained by scanning the depletion pulse
while keeping the pump and probe pulses fixed in time.
These curves are called depletion action traces because they
measure the amplitude of the depletion effect against the
delay between the pump and the depletion pulses.

The depletion action trace �Figs. 3�B�, 3�D�, and 3�F��
was fitted with one single exponential for the rise and two
exponentials for the decay. The rise of the depletion action
trace was always faster than our experimental resolution
yielding values below 25 fs. The recovery of the depletion
action trace shows a more complex dynamics which depend
also on the specific molecule. It consists of two components,

194505-4 Buckup et al. J. Chem. Phys. 125, 194505 �2006�



a recovery part described by a single time constant and a
plateau, which lives as long as the S1 state. For M11 �Fig.
3�B��, the depletion action recovery time showed a time con-
stant of 145±10 fs using 1000 nm which matches those de-
cay times found previously using 795 nm for depletion.19 As
can be seen in Fig. 3�A�, just the central band of M11 tran-
sient absorption is depleted, letting the wing belonging to S*

untouched. For the M13 the depletion recovers with a time
constant of 90±10 fs �Fig. 3�D��, while for the M15 the re-
covery was about 50±10 fs �Fig. 3�F��. When the depletion
laser was tuned from 1000 to 940 nm, there was neither a
change in dynamics nor in the effect itself for all carotenoids.

V. DISCUSSION

The variation of the dynamics of the depletion signal
�Figs. 3�B�, 3�D�, and 3�F�� is compatible with the dynamics
of the ultrafast IR bands observed in other experiments.8,13,24

In these studies the trend of a systematic decrease of the
lifetime of the IR bands with increasing number of conju-
gated double bonds was observed which corresponds to an
equivalent decrease of the depletion duration with increasing
number of conjugated double bonds in our experiment.
These IR bands were assumed to be initially generated by S2

and by dark states �1Bu
− and 3Ag

−� few femtoseconds later. In
this case, the lifetime of the S2 was faster than 10 fs for the
carotenoids here studied. Of course, within our instrument
response, we cannot observe such time scale unambiguously.
However, a 10 fs lifetime for S2 would be in disaccord with
fluorescence lifetime studies for, e.g., M11, which is in the
range of 190–150 fs. It suggests that indeed the near-IR

band absorbing state is the S2 state and, therefore, the ob-
served variation of the depletion duration is a manifestation
of the S2 lifetime variation. This point was recently con-
firmed by the fluorescence measurement of several caro-
tenoids homologs:25 the rise of the depletion action traces
matches astonishingly well the observed fluorescence life-
time of the S2 state. The lack of a modification on the deple-
tion effect itself and its dynamics when the depletion spec-
trum was tuned from 940 to 1000 nm �about 640 cm−1�, is
also compatible with broad bands associated with the near-IR
ESA bands, and confirms the homogeneity of the depleted
state. Therefore, the whole dynamics can be completely de-
scribed by the three-level energy model comprising the elec-
tronic levels S2, S1, and S0 and their respective vibrational
structures. The assumption of an additional electronically ex-
cited state is not necessary with respect to the pump-probe
and pump-deplete-probe results as well as to the known fluo-
rescence lifetime, spectrum position, and the S* lifetime.
However, an energy level system with an intermediate state
with a much faster lifetime than S2 would also lead to similar
depletion action traces but its relevance with respect to the
kinetic network remains probably negligible.

There is still one point that needs to be clarified: the
nature of the so called S* state. Its relaxation time does not
correspond to the constant of the S1 state and does not follow
the energy gap rule, i.e., it does not act as an electronically
excited state but could rather be interpreted as being part of
the electronic ground state. Further indications that S* is a
hot ground state were given by the analysis of bleach recov-
ery. In accordance with our previous work,19 we assume that
S* is a hot ground state populated by impulsive Raman scat-
tering. The ultrashort pump pulse has sufficient bandwidth to
contain the Stokes and pump of a Raman excitation. This
model is specially appealing since S* is located exactly
where the fluorescence from S2 should appear, red side of the
S0-S2 steady-state absorption, which indicates by itself a fa-
vorable transition. This mechanism explains why the S* was
not depleted: the state is populated instantaneously when the
pump is present. S*, as a hot ground state, can also be popu-
lated through internal conversion from the S1 state, possibly
leading to the population of other modes than the Raman-
active modes populated by impulsive stimulated Raman scat-
tering �ISRS�, which may decay with a different relaxation
time.

In the case of the three longer carotenoids, M11, M13,
and M15, where the two states S* and S1 are spectrally well
separated, the lifetime of S* is in the range between 6 and
10 ps. However, the lifetime of S* in the shortest carotenoid,
m9, still remains an open question. If the vibrationally hot
ground state is populated from ISRS and from the S1, one
would expect to observe an additional time constant of about
10 ps in its decay, which was not the case. On the other hand,
the analysis of the S* lifetime in m9 faces some difficulties.
Due to its shorter conjugation length, the absorption bands of
S* and S1 are shifted together towards the blue spectral re-
gion and are not well separated anymore. This implies
greater difficulty in the disentanglement of the bands and a
single wavelength transient might not be sufficient to re-
semble the dynamics of S*. A two-dimensional data set of

FIG. 3. Depletion spectra probed at 2 ps and depletion transients: first row
for M11, second row for M13, and third row for M15. In the depletion
transients the probe and the pump were separated by 2 ps. In graphs �A�,
�C�, and �E�, the ESA spectra with the depletion pulse present �traced line�
and without �continuous line� the depletion pulse are shown. The depletion
action spectra were measured for zero delay between the pump and deple-
tion pulses. The difference between them is represented by the gray area. In
graphs �B�, �D�, and �F�, the line is a fit with single exponential rise and
decay times probed at 570 nm. The depletion pulse was at 1000 nm in all
graphs.
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transient broad band spectra in combination with a global
target analysis should be able to clearly solve the puzzle of
the S* lifetime in m9.

The hypothesis of S* as a hot ground state is strongly
justified if we observe another interesting result when for
M15 the pump wavelength was changed from the 0-0 to the
0-2 transition �Fig. 4�A��. We can compare the S* and S1

populations by integrating similar regions where these bands
are expected to be. Doing it for comparable bands in the
absorption related to the S* �between 570 and 610 nm� and
S1 �between 610 and 670 nm� �Fig. 4�B�� and plotting the
ratio between the obtained values �Fig. 4�C��, the higher the
excitation in S2, the more S* we generate. These results can
be understood and become much more impressive, if we
consider a similar study done for all-trans-neurosporene.27 It
was observed that the stimulated emission was strongly af-
fected when the pump excitation was moved from 0-0 to 0-1
in the S0-S2 transition. The emission 1-1 could be enhanced
and 1-2 decreased when S2 was pumped at v=1, what is
actually just a result of a better Franck-Condon factor, mir-
roring the displacement of S0 and S2 potential surfaces. The
same is happening here for the M15 when the S2 is excited
higher: because of a better Franck-Condon in this case, the
IRS is greatly enhanced and more S* is populated �+28% �.
The importance of the electronic resonance for IRS in M11
was also recently demonstrated in a coherent control experi-
ment in our group.28

VI. CONCLUSION

The recently found dynamics detected at a spectral
range, labeled S*, between the ground state bleach and the
excited state absorption of S1 have been studied by transient
absorption and pump-deplete-probe measurements. The
pump-depletion-probe shows that the S* band is not affected
by the depletion pulse. The analysis of the results leads to the
conclusion that all the dynamics can be explained by consid-
ering the three well known electronic states S2, S1, and S0.
Besides that, the dynamics of the S* spectral region cannot
be brought into agreement with an additional electronic state
but can be explained by identifying the results with vibra-
tionally excited ground state dynamics which are instanta-
neously initiated by impulsive Raman scattering. In addition
to the fact that the assumed new electronic state S* does not
obey the energy gap rule for electronically excited states, as,
e.g., the S1 does, the application of pump-deplete-probe ex-
periments proved the different natures of the two states. After
depletion of S2, only the S1 population was modified but the
S* population remained unchanged and therefore cannot de-
pend on the deactivation pathway from S2. Although the
standard transient absorption results cannot exclude the ex-
istence of more participating dark states below the S2 state,
the pump-depletion-probe experiment clearly elucidates the
near-infrared dynamics which can be explained by a band
that rises very fast and decays with times from 50 to 150 fs.
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