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a b s t r a c t
Ultrafast relaxation of a carotenoid in an artiﬁcial light-harvesting complex has been studied by transient absorption spectroscopy. The transient signal amplitudes at several wavelengths as well as the
amplitudes of the underlying species associated spectra (SAS) are analysed for several excitation
energies ranging over more than two orders of magnitude (10 nJ/pulse up to 3000 nJ/pulse). Our
analysis shows that the contribution from the so-called S* signal on the long-wavelength side of
the ﬁrst allowed S0 ? S2 transition has a markedly different excitation energy dependence and
saturation behaviour than the electronic excited state S1. These observations are modelled and
explained in terms of a two-photon excitation of a vibrationally hot ground state via an impulsive
stimulated Raman scattering (ISRS). The experimental observations of the varying pulse energy dependencies of different excited state species are supported by an analysis based on a density-matrix
formalism.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Carotenoids are abundant biomolecules that perform several
essential tasks in the photosynthetic molecular machinery in Nature. One of the functions of carotenoids is to interact with photons
in the blue–green region of sunlight and subsequently pass the absorbed energy forward to porphyrin molecules in various natural
light-harvesting antenna complexes. A great amount of work has
delivered knowledge with increasing detail on the photophysics
of carotenoids as well as the many roles they play in the photosynthetic light-harvesting complexes [1]. Recently, much interest has
been directed to the details of the deactivation pathways of carotenoids that follow excitation by ultrashort laser pulses. More specifically, considerable interest in carotenoid reaction dynamics has
been shifted to the presence and role of additional (intermediate)
excited states.
The generally accepted energy-level scheme of carotenoids

comprises a ground state S0 ð1Ag Þ linked to the state S2 ð1Bþ
u Þ via
the ﬁrst optically allowed transition. Upon excitation, S2 relaxes
via a rapid internal conversion process towards the S1 state
ð2A
g Þ. The transition S0 ? S1 is symmetry forbidden. Nevertheless,
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in recent years due to new experimental ﬁndings, afforded by the
increased availability of ultrafast laser pulses in the visible region,
this comprehensive picture of carotenoid deactivation has been reﬁned, and more elaborate models have been put forward. Predominantly, the current discussion relates to an additional long-lived
spectro-temporal contribution in transient absorption spectra that
is red shifted with respect to the observed linear absorption band;
the S0 ? S2 transition. This spectro-temporal feature, sometimes
referred to as S*, depicts a behaviour different from that of the
other resolved transient spectra assigned to electronic excited
states [1–5].
The interpretation of such experimental results relies strongly
on the theoretical predictions made by Tavan and Schulten some
20 years ago for short polyenes with 4–12 p-electrons [6,7]. These
calculations predicted the electronic energies for all four possible
low-lying excited electronic states of linear polyenes


þ
ð1B
u ; 1Bu ; 2Ag , and 3Ag Þ. Consequently, the involvement of such
additional electronic dark states in the photophysics of carotenoids
has been studied in several theoretical and experimental works,
and some studies show good correlations between theory and
experimental ﬁndings [8], whereas other studies show deviations
as large as 30%.
Both sequential and parallel relaxation pathways have been
proposed that involve one or more additional dark electronic

182

J. Savolainen et al. / Chemical Physics 357 (2009) 181–187

state(s) between the S2 and S1 states [9], depending on the conjugation length of the carotenoid. For carotenoids longer than 11
conjugated double bonds, it was suggested that two additional

dark states ð1B
u and 3Ag ) are involved in a sequential relaxation
from initially excited S2–S1, while in shorter carotenoids, just 1B
u
would participate [8,10]. In a study on a series of carotenoid zinc
phthalocyanine dyads, the discussed energy-ﬂow diagram included S* as an independent intermediate electronic state between S2 and S1 [11]. In another set of experiments, the
aforementioned S* state was associated with a precursor state
for triplet formation in light-harvesting complexes [12,2,13,14].
Further, speculations that S* could be the 1B
u state predicted by
theory have been presented [2,15]. However, as pointed out by
Niedwiedzki et al. [5] such an assingment is problematic; since
the strongly allowed transition associated with the S* band should
*
reach an Aþ
g state, this would put the energy of the proclaimed S
state below the known successor state S1. Furthermore, several
studies recently have shown that such intermediate dark states
are not required in the S2 ? S1 deactivation [16,3,17–19]. These
discrepancies between theory and experiments have prompted
other interpretations for carotenoid deactivation. The suggested
schemes include ground state heterogeneity [4], an ultrafast
isomerization [20,5,21,22], and a vibrationally hot ground state
[23,16,3].
In a previous study, we used transient absorption spectroscopy
to investigate the photophysics of an artiﬁcial light-harvesting
dyad that comprises a carotenoid and a purpurin molecule that
are covalently linked with an amide linker (see Fig. 1a, inset)
[24]. The caroteno-purpurin dyad is a model system designed to
mimic the salient features of the natural light-harvesting complex
LH2 from the purple bacterium Rhodopseudomonas acidophila,
while preserving structural simplicity [25]. The caroteno-purpurin
dyad and related compounds based on the principles of biomimicry have proved to be promising molecular systems for applications
of artiﬁcial light-harvesting [26,27] as well as for the purposes of
fundamental research aiming to shed light on the fundamental
photophysics of the early events of light-harvesting [28,24] and
in coherent control experiments [29].
Using global data-analysis techniques, we resolved the energy-level diagram, energy-ﬂow pathways, the associated rate
constants, and species associated spectra (SAS) from experimental data. Brieﬂy (see also Fig. 1b), after excitation at 510 nm, energy transfer (ET) from the carotenoid S2 state to purpurin takes
place in 50 fs. Simultaneously, the ﬁrst excited state (S1) of the
carotenoid is populated via a vibrationally hot S1 state by a competing internal conversion (IC) process in 110 fs, resulting in a
30/70 branching ratio between IC and ET. The vibrational cooling
of the S1 state takes approximately 290 fs, and is followed by a
decay to the ground state in 7.8 ps. The lowest excited energy-level of the purpurin is deactivated on the nanosecond time scale
to its ground state or via inter-system crossing and triplet–triplet
energy transfer processes to carotenoid triplet state. The model
used in target analysis that best ﬁts the data also includes a
hot ground state that gains population within the duration of
the ultrafast pump pulse by an impulsive stimulated Raman
scattering (ISRS) process. Furthermore, we concluded that the
major differences between the photophysics of the dyad molecule and LH2 are in the deactivation network of the carotenoid
moiety, which is consistent with the photophysics of carotenoids
in solution rather than in the protein environment of the LH2
complex.
In this contribution, we use the dyad molecule to further investigate the carotenoid deactivation in the artiﬁcial light-harvesting
complex. We do this by an energy dependence study of transient
absorption signals, where the energy of the excitation pulse is varied by more than two orders of magnitude.

Fig. 1. Artiﬁcial light-harvesting complex. (a) Structure (inset), and absorption
spectra of the dyad (solid line), carotenoid (dotted line), and purpurin (dashed line).
(b) The simpliﬁed energy-level diagram showing deactivation pathways.

2. Experimental section
The pump–probe setup has been described earlier [24]. In brief,
part of the output of an ampliﬁed Ti:Sapphire (CPA-2001, ClarkMXR, Inc.) laser was coupled into a noncollinear optical parametric
ampliﬁer (NOPA, Clark-MXR, Inc.), which produced 10 lJ neartransform-limited pulses at the centre wavelength of 510 nm with
a FWHM bandwidth of 28 nm and an 18 fs pulse duration to be
used as the pump pulses. For probing, white-light continuum
pulses, ranging spectrally from 450 to 710 nm, were created by
focusing a small fraction of the laser output into a sapphire window. The polarisation angle between the pump and the probe
pulses was set to the magic angle (54.7°) to avoid any anisotropy
effects. The two beams were focussed and overlapped at the sample position, where the FWHM diameter of the Gaussian intensity
proﬁles of the pump and probe beams were 220 and 40 lm,
respectively. The pulse energy was set with an adjustable ﬁlter in
the pulse energy range of 10 nJ–3 lJ. The sample cuvette was rotated sufﬁciently quickly to provide a fresh sample volume for
every pulse in order to avoid sample degradation or accumulation
of long-living states. The probe pulses were coupled via a spectrograph (Acton-SP2150i; Princeton Instruments, Inc.) onto a homebuild 256-pixel diode array.
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The time resolution of the pump-probe experiments as well as
the amount of spectral dispersion in the WLC were determined
by measuring the sum-frequency-mixing signal of the pump and
probe pulses at the sample position in a 25 lm-thick BBO crystal.
The wavelength to be mixed from white-light continuum was selected by tuning the phase matching angle of the crystal. In this
way, the mixing of different wavelengths of the WLC could be measured. The time resolution was 60 fs across the spectrum, and the
overall time delay between the blue and red parts of the WLC spectrum (chirp) was approximately 300 fs. The measured chirp
curve was used to remove the WLC dispersion from the data prior
to analysis.
The caroteno-purpurin dyad was prepared using published
procedures [30]. Spectroscopy-grade toluene was purchased from
Riedel-DeHaën and used without further puriﬁcation. Optical density at 510 nm was 0.3 OD in a rotating cuvette having a 0.5 mm
optical path length. To check for any sample degradation, the steady-state absorption spectrum was measured before and after the
measurements. No changes in the OD or spectral shapes were observed, indicating sample stability. All measurements were carried
out at room temperature.
3. Results
We varied the energy of the pump pulse while monitoring the
transient absorption signals belonging to different spectral channels. Fig. 2 shows energy-scan traces for four spectral regions of
interest based on the previously resolved species associated spectra (SAS) [24]. Each trace represents a 5-nm integrated region centred at the maxima of the following signals: carotenoid bleach
(480 nm), carotenoid S* (540 nm), carotenoid S1 (610 nm), and purpurin bleach (700 nm).
Generally for any two-level system, the saturation of a resonant
transition is described by a simple ﬁrst-order differential equation
that can be solved to its single exponential form f ðEÞ ¼
bð1  eE=ESat Þ. In the impulsive limit, with ultrafast laser pulses
and omitting any relaxation times, this holds and ESat is simply proportional to the inverse of the sum of the cross sections r01
(absorption) and r10 (stimulated emission); ESat / (r01 + r10)1.
With a centre wavelength of 510 nm, a beam diameter of

220 lm, a molar extinction coefﬁcient of 5  104 M1 cm1, and
assuming equal r01 and r10, the saturation ﬂuence FlSat is found
to be 2.6  1015 photons cm2 corresponding to ESat  385 nJ/
pulse. However, a single exponential function expected for a
saturation of a resonant one-photon transition fails to describe
the energy-scan traces adequately. A better ﬁt is found by adding
an extra linear contribution using the following function:

FðEÞ ¼ aE þ bð1  eE=ESat Þ;

ð1Þ

where E is the pulse energy in nJ; a and b are free ﬁtting parameters;
and ESat is a global variable common to all four traces. As can be
seen from the data (symbols) and the ﬁt (grey lines) in Fig. 2, all
traces are well described with this function. The ﬁt gives the global
‘saturation-energy’ variable ESat a value of 410 nJ/pulse, which is
in good agreement with the approximated value of 385 nJ/pulse.
The slope of the linear part (free parameter a) varies substantially
from channel to channel. S* and PT have the steepest slopes
(0.0072 and 0.0040, respectively), S1 a slight one (0.0018), and purpurin bleach has zero linear contribution. The additional term aE
used in the ﬁtting function (Eq. (1)) is basically a linear approximation of another exponential term, hence it describes a deviation
from the simple two-level excitation scheme. The resulting slopes
of the linear contributions in the chosen four spectral channels describe to what extent each recorded signal deviates from the simple
single exponential saturation model. The purpurin bleach is unaffected (aE = 0) and S1 requires only a very small slope, whereas
the carotenoid bleach and especially the excited state absorption
at the proposed spectral region of S* require signiﬁcant contribution
for adequate ﬁts.
As expected, these features manifest themselves spectrally as
well. Fig. 3 shows how the shape of the transient spectrum at 1
ps varies with the energy of the pump pulse. The spectra are normalised at the peak of the S1 excited state absorption (ESA) signal
at 610 nm. Relative to the S1 ESA, the negative carotenoid bleach
signal in the blue end of the spectrum increases; the ‘shoulder’ at
the red side of the ground state absorption grows; and the negative
purpurin bleach signal at 700 nm decreases. Qualitatively, the
intensity-scan data indicate that while the S0 ? S2 transition appears to saturate, the other channels, especially S*, remain active
and continue to gain population.
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Fig. 2. Linearity curves for the chosen spectral channels at 1 ps. Carotenoid bleach
at 480 nm (blue diamonds), carotenoid S* at 540 nm (red circles), carotenoid S1 at
610 nm (black crosses), and purpurin bleach at 700 nm (green squares). Grey lines
show the ﬁtting results. The coloured lines show the linear contributions found in
the ﬁt.
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A more analytical picture of the energy dependence of the transient spectral features arises when we decompose the measured
spectra to the constituting SAS [24] and analyse the changes of
the individual contributions (see Fig. 4a). The transient spectrum
at 1 ps has no contribution from the S2 state due to its ultrashort
lifetime (<40 fs). Similarly, the TCar signal is absent because no
population has yet accumulated into the triplet state at 1 ps probe
delay. Thus, we omitted these two contributions and used the
remaining six SAS to ﬁt the normalised experimental energydependent transient spectra. In the ﬁt, the shapes and the spectral
positions of the SAS are kept constant, and only the energydependent scaling factors are left to vary as ﬁtting parameters.
Fig. 4a shows the scaled spectra for the minimum (10 nJ/pulse,
dashed lines) and maximum (3000 nJ/pulse, solid lines) energies,
while panels (b) and (c) show the scaling factors found for a range
of pump energies. The SAS used are as follows: the carotenoid
bleach (BlCar), ESA from vibrationally hot and relaxed S1 state
(HotS1 and S1, respectively), and the carotenoid S*; the SAS belonging to the purpurin moiety are: the purpurin bleach (BlPur) and ESA
from the Qy state. Panels (b) and (c) show how the carotenoid
HotS1 and S1 signals stay approximately constant due to the normalisation, whereas the relative caronoid bleach, and especially
the S* signals keep growing with increasing pump energy. Note
that the spectrum of S* was obtained by global target analysis
according to the energy-ﬂow diagram presented in the Fig. 1b,
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which assigns it to the vibrationally hot ground state (HotS0).
The relative amplitudes of the signals belonging to the ET acceptor
species reduce and come to saturation.
Looking at all the measured pump energies, Fig. 5 shows how
the amplitude factors evolve when the ﬁt is performed to the original (not normalised) data. Fig. 5 shows how the experiment covers the initial linear regime (0–100 nJ/pulse), and the nonlinear
regime (100–3000 nJ/pulse) up to a near-complete saturation of
the carotenoid S0 ? S2 transition. A striking difference between
the carotenoid bleach and S* signals compared to all the other signal is evident also here: the amplitude scaling factors of carotenoid
bleach and S* continue to grow with increasing pulse energy.
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We have shown how the previously reported transient absorption signals depict different pump energy dependencies, and how
this can be roughly explained by an additional excitation process,
which is described as an extra linear term in the function describing the signal saturation behaviour. The spectral channel on the red
side of the ground state absorption band has the most pronounced
contribution of this additional excitation process. Furthermore, we
analysed the energy dependence data using previously resolved
SAS and showed how the S* behaviour deviates strongly from the
other signals.
From the energy-scan data and the ﬁt using SAS, it becomes evident that relative to the S1 population, the overall population
transfer increases, and an increasingly larger proportion of this
extra excited population is directed to the S* state as the pump energy grows higher. As a consequence, a smaller fraction is available
for the ET pathway, which is manifested by the relatively decreasing acceptor (purpurin) bleach and Qy signals compared to the
increasing population transfer to the higher state of the donor
(carotenoid). The carotenoid bleach grows as more population is
transferred to S* even after the observed near-complete saturation
of the S0 ? S2 transition. This indicates that in the artiﬁcial lightharvesting dyad, independent of the origin of the signal on the
red side of the ground state absorption band, no energy transfer occurs from this state to the acceptor states.
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We now proceed by discussing three proposed models for
carotenoid deactivation that all aim to explain the differing behaviour of the discussed S* spectro-temporal signal. The energy-ﬂow
diagrams of the three discussed models are shown in Fig. 6: (a)
photoisomerization, (b) two-photon absorption to higher state
and subsequent ultrafast relaxation to S* that is an electronic excited state, and (c) model including a hot ground state (HotS0) populated by the ISRS process.
(a) Photoisomerization. Recently, it was proposed that xanthophylls (e.g. zeaxanthin and lutein) relax into two different conformers after being excited to the S2 state [5,21]. This
interpretation was also supported by work where transient signals
of long-chain xanthophylls were recorded at 77 K, indicating a
temperature dependence of the S* yield [22]. A simpliﬁed representation of the model proposed in these studies with the added purpurin energy-levels is shown in Fig. 6a. This branched decay
pathway would lead the population of a 6-s-cis form and a 6-strans form associated to a S1 and the S*, respectively, and would explain the different relaxation time scales observed for these two
components. However, in the light of previous results on energyﬂow pathways and related time constants [24], the reported rate
constant for the S* ? S1 pathway appears slow, up to 120 ps, compared to the S* 8.8 ps life time found in the dyad [24]. Given that
polyene chain length and substituents are essential factors for
the observations of Cong et al. [22], one should be cautious in comparing such a small effects between different classes of linear polyenes; carotenoids and xanthophylls. Thus, the S* ? S1 channel is
likely to be negligible in our polyene. Also, the proposed photoisomerization model is not able to explain how an isomerization process involving such large-scale structural motions could take place
in less than 170 fs, which is a typical S2 lifetime of b-carotene in
solution [1]. Nor can the model explain how the process could occur even faster in the case of the dyad having a shorter S2 lifetime,
or in longer carotenoids having even shorter S2 lifetimes like those
observed for the artiﬁcial homologues of b-carotene with 13 and
15 conjugated double bonds, where the S2 relaxes in less than
100 fs [16]. For instance, for molecules of similar size such as retinal in bacteriorhodopsin, the isomerization takes place in 500 fs
in the protein environment [31] and in a few picoseconds in solution [32]. Furthermore, the isomerization model for carotenoids is
not in agreement with previous experimental results using a modiﬁed transient absorption technique pump-depletion-probe (PDP)
[3,16]. In these works, PDP was applied to several open-chain nat-
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ural as well as artiﬁcial carotenoids. The results showed that the
absorption change assigned to the S* channel was independent of
the depletion of the S2 population by an additional depletion pulse
tuned to the S2 ? Sn resonance at 900 nm [33,8], and immediately
following the pump pulse [16]. Such an observation indicates that
independent of the origin of the S* signal, S* cannot be directly populated from the S2 state via a relaxation channel within the experimental resolution of 35 fs. Finally, when applying the carotenoid
photoisomerization model to the artiﬁcial light-harvesting dyad a
question arises: Why would higher energies result in a more efﬁcient relative photoisomerization?
According to Cong et al. [22], upon cooling, the S* spectrum narrows and its peak shifts to red wavelengths. This can only concur
with the ﬁndings reported here if one allows for conformational
disorder in the ground state, a feature also discussed Papagiannakis
et al. [4]. It might be possible that the two-photon process suggested by our intensity dependent data is linked to a conformational sub-population which is not an energetic global minimum.
Hence, the conformer favouring the observed two-photon dependence becomes depopulated upon freezing. However, in the study
on the caroteno-purpurin dyad molecule ﬂuorescence upconversion anisotropy measurements indicated the existence of a
dominant conformer [30]. This ﬁnding was also supported by
molecular modelling. Hence, one might argue that in the dyad
molecule it is unlikely for large sub-populations to exist.
(b) Two-photon absorption to higher states. Another deactivation
model for carotenoids has been presented that includes an additional electronic excited state labelled S*. The involvement of such
a dark state has been introduced for spirilloxanthin in solution and
in the light-harvesting complex LH1 from the purple photosynthetic bacterium Rhodospirillum rubrum [12] and in spheroidene
in LH2 from Rhodobacter sphaeroides [2]. This model has been further investigated in an intensity study of carotenoid deactivation in
rhodopin glucoside in LH2 from Rhodopseudomonas acidophila [4].
In this study, S* as a dark state is further reﬁned by suggesting a
new two-photon excitation pathway to a higher-lying electronic
excited state, from where a rapid relaxation would transfer population to the so-called S* dark electronic state. As in the present
contribution, the main experimental observation in this study
has been the different pump energy dependence of S* rather than
those of the other contributing signals. An adaptation of the suggested model to the dyad is shown in Fig. 6b. A clear two-photon
dependence was observed neither for the experimental signal nor

Fig. 6. Three different discussed energy-ﬂow diagrams. (a) Photoisomerization. (b) Two-photon absorption to higher Sn states. (c) Hot ground state model.
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for the resolved species associated difference spectrum (SADS) that
includes the S* and bleach signals, indicating a resonant two-photon process [4]. Such a model including a resonant two-photon
process relies strongly on the assumption that there is an excited
state absorption at the pump wavelength from S2 to higher-lying
states. However, such a resonance has never been reported,
whereas a S2 ? Sn band has been reported to exist around
900 nm [8].
In a study on molecules closely related to the one under the
present study, a series of carotenoid zinc phthalocyanine dyads,
S* has been assigned in the target analysis as an independent intermediate electronic excited state between S2 and S1 [11]. However,
coupling between the chromophores in the carotenoid zinc phthalocyanine dyads is apparent, since in the dyad, the carotenoid S1
lifetime is reduced from that of the free carotenoid [11]. We do
not observe such an effect in the caroteno-purpurin dyad and the
carotenoid S1 lifetime is more or less unaffected by the linking to
the purpurin. Hence, deviations in the deactivation pathways between these two related dyad systems might have their origin in
the different couplings between their constituents. Although, we
ﬁnd no motive to exclude the HotS1 state of the carotenoid from
the target analysis [24] as was done by Berera et al. [11].
(c) Hot ground state model. In accordance with our previous
work on carotenoids [3,16] and the artiﬁcial light-harvesting complex [24], we now assume that the so-called S* signal belongs to a
hot ground state that is populated by impulsive Raman scattering.
In the proposed hot ground state model, the additional contributions are assigned to a vibrationally hot ground state (HotS0,
Fig. 6c) rather than to the suggested additional excited electronic
states or photoisomerization products.
The spectro-temporal signal on the red side of the ground state
absorption band depicts several characteristics that are in line with
the hot ground state hypothesis. First, the maximum of this signal
is red shifted with respect to the S0 ? S2 absorption, as expected
for a vibrationally hot ground state. Second, studies varying the
length of the carotenoid [5,21,16] show that its relaxation time differs from that of the S1 state, and does not follow the energy gap
rule [34], which illustrates the characteristics of a vibrationally
hot state rather than an electronic excited state. Furthermore, the
signal is located exactly where the ﬂuorescence (or stimulated
emission) signal from S2 appears [24] indicating a favourable transition, which makes this transition a very likely candidate for the
extra excitation channel found in the dyad molecule. In a previous

study, we showed how, by tuning the excitation wavelength, the
ISRS process to the Hot S0 could be enhanced by some 28% in a
b-carotenoid derivative with 15 conjugated double bonds [16].
This ﬁnding is in line with the observations in all-transneurosporene [35], where it was shown that the stimulated emission was strongly affected when the pump excitation was moved
from vibrational sub-band 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, which is actually just a result of a better
Franck–Condon factor, mirroring the displacement of S0 and S2 potential surfaces. The importance of the electronic resonance for
ISRS in b-carotene has also been demonstrated in a coherent control experiment [36]. Also, similar enhancement of the S* signal
has been observed by Billsten et al. [20]. In this study also excitation in the UV was tested, thus addressing a higher density of
states by the pump pulse. Presumably, this leads to a better starting condition for the second (dumping) step in the suggested twophoton process.
A puzzle remains regarding the non-quadratic behaviour of the
population of the HotS0 as a function of the input pulse energy.
To address this point, we performed an analysis using the
density-matrix formalism. This analysis is based on the Liouville
formulation of quantum mechanics, which considers the densitymatrix (as opposed to wavefunction) as the unknown function,
and does not make approximations based on perturbation theory.
Details of the technique and its application to quantum control
spectroscopy can be found in an earlier publication [37]. Brieﬂy,
the diagonal elements of the density-matrix determine populations
of the different levels, while the off-diagonal elements represent
electronic and vibrational coherences. The excitation of a low-lying
state (such as a hot ground state) requires the interaction of twophotons with the system. We therefore considered here a 3 + 1 level
system consisting of three levels in a K-conﬁguration (levels S0, S2
and Hot S0), together with a fourth level (S1), which is coupled
through incoherent processes, as shown in Fig. 7a. The system results in a set of 10 real nonlinear ﬁrst-order coupled differential
equations. Our approach considers the rotating-wave approximation [38] with the envelope of the laser electric ﬁeld being a direct
input to the system. We note that the aim of the following study is
to understand the intensity dependence of the reported data in the
context of the hot ground state model, and not a comprehensive
description of complex molecular systems like the artiﬁcial lightharvesting dyad.

Fig. 7. Density-matrix model and results. (a) The energy-level diagram used in the simulations. (b) The amplitude factors from the SAS-ﬁt of the experimental results: HotS0
(red circles) and S1 (black crosses), and corresponding simulations using the density-matrix analysis (grey lines).
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Simulation parameters were set as follows (see the energy-level
diagram in Fig. 7a). The energy spacing between S0 and HotS0 was
chosen as 1090 cm1 corresponding to the energy difference between the absorption maxima of the HotS0 and the lowest energy
maximum of the linear absorption spectrum. The separation between S0 and S2 was chosen as 19,608 cm1 (the centre of the used
pump pulse spectrum, 510 nm). Population relaxation times (T1’s)
associated with S2 were set at 50 fs and 110 fs for the ET and IC
channels, respectively [24]. Population relaxation times associated
with S1 and HotS0 were both set at 7.0 ps [24]. Further, an electronic
dephasing time (T2) of 2 fs, a vibrational dephasing time of 1 ps, and
a relative dipole value of l23/l13 = 0.19 were used. Note that a relatively fast electronic dephasing needs to be considered in order to
avoid coherent Rabi oscillations and to obtain the observed saturation. It is also worth noting that an asymmetric K-transition is considered in the model, with different strengths for the coupling
between the two dipole-allowed transitions. In particular, the simulations predict different strengths of the coupling between the two
dipole-allowed transitions; the coupling between S0 and S2 is
roughly ﬁve times that of the coupling between S2 and HotS0.
Fig. 7b shows the simulated and measured populations of the
HotS0 and S1 levels for different input pulse energies. Simulations
are in good agreement with the experimental results, both in the
low-energy and high-energy regimes. Contrary to what one would
expect for a two-photon transition, the pulse energy dependence
of the HotS0 signal, shown in Fig. 7b, is not quadratic. Indeed, the energy dependence originates from the initial two-photon resonance
S0 ? S2 ? HotS0. In this case, however, ISRS is not the only process
populating level HotS0, since the decay from S1 also contributes
and therefore inﬂuences the observed two-photon energy dependence. Finally, we note that the simulations here were used to investigate whether the missing two-photon dependence of the HotS0
could be qualitatively modelled using the density-matrix approach.
Considering the scope of this contribution we leave out results from
more extensive simulations as well as more extensive discussion,
which will be presented in a future study.
5. Conclusions
We used an artiﬁcial light-harvesting dyad in order to study the
carotenoid excited state dynamics by varying the pump pulse
energy in a transient absorption experiment. Different features of
the transient absorption data show varying responses to the pump
energy-level. These results are analysed by ﬁtting previously
resolved SAS as well as using a density-matrix formalism. The
behaviour of transient signals, as well as previously resolved SAS,
are best explained with a kinetic model including a hot ground
state that is populated within the excitation pulse by ISRS. Even
at relatively moderate intensities and partly saturated signals, a
good analysis of the data requires neither additional dark states
nor pathways involving multi-photon transfer to higher states in
the artiﬁcial light-harvesting complex. We conclude that the only
necessary addition to the classical three-level energy-ﬂow diagram
is the hot ground state. This is strongly supported by analysis of
experimental data. The dyad conﬁrms its value as a good model
system for such fundamental studies, as it endures higher pulse
energies than natural light-harvesting complexes. Furthermore,
this study shows that the interpretation of transient absorption results can greatly beneﬁt from thorough energy dependence measurements and analysis.
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