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This paper reviews the main results obtained by using the technique of Femtosecond Stimulated Raman Spectroscopy 
(FSRS) to study the photophysics of carotenoids. After a brief presentation of the technique and of its practical 
implementation, its potentialities in disentangling the very fast relaxation processes occurring upon light absorption 
in carotenoids are presented. It is shown that the recourse to FSRS allows to clarify the timescale of vibrational 
energy relaxation in the electronic excited states of these molecules, and to clearly identify the nature of the excited 
states involved in the photophysics of several naturally occurring pigments, both in solution and when embedded in 
photosynthetic proteins. © Anita Publications. All rights reserved.
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1 Introduction

	 Carotenoids are pigments contained in plants, algae and photosynthetic proteins, and are responsible 
for the bright yellow-orange color of multiple vegetables and fruits. Carotenoids can have different 
functions, mostly connected with their antioxidant properties. In photosynthetic proteins carotenoids have 
both a photoprotecting role, since they can react with singlet oxygen and harmful radical species, and a 
light harvesting role, being able to absorb in the green region of the solar spectrum and transfer energy to 
chlorophylls, which instead mostly absorb in the blue and red regions. 
	 Because of their important role in photosynthesis, the photophysical processes connected to the 
relaxation of the excited states of carotenoids have been the object of multiple spectroscopic and theoretical 
investigations [1-6]. 
	 The excited state manifold of carotenoids is generally described taking as a reference that of 
linear polyenes [7], and considering that the molecules possess a pseudo-C2h symmetry. According to this 
description, the ground state S0 will have an Ag

- symmetry, the same as the first excited state S1, making the 
S0→S1 transition prohibited because of symmetry selection rules. The following excited state S2 is instead 
classified as Bu

+, so that a transition from S0 is possible. The first allowed electronic transition for carotenoids 
is thus S0→S2, which gives rise to the characteristic absorption band of these molecules in the 480-520 nm 
spectral range. A simplified energetic scheme for the low lying excited states of carotenoids is reported in 
Fig 1, together with the structure of several carotenoids discussed in this work.
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Fig 1. Energy levels of low lying electronic states of carotenoids and structure of several 
carotenoids analyzed in this work.

	 The excited state relaxation can be described, as a first approximation, in terms of a very fast S2→S1 
internal conversion (IC), occurring on the sub-ps timescale, and a slower S1→S0 relaxation, whose rate 
constant can depend on multiple factors, such as the polyene length, the nature of the external medium 
or the presence of substituents on the polyene chain. Multiple time resolved spectroscopic studies have 
evidenced that this simple relaxation scheme can not be appropriate to correctly describe the photophysics of 
carotenoids, as, due to the presence of different substituents on the polyene chain, the symmetry rules are not 
strictly applicable. These studies have thus invoked the presence of intermediate dark states, whose nature is 
still highly debated, in order to correctly interpret the relaxation dynamics of these pigments [8-10].
	 A particularly interesting case is that of carotenoids presenting an asymmetric carbonyl group linked 
to their polyene chain, such as carotenals (carotenoids containing an aldehyde functional group) that are often 
found in natural systems. Examples of naturally occurring carbonyl carotenoids are for instance peridinin, 
present in the Peridinin Chlorophyll Protein (PCP), or fucoxanthin, which is present in brown algae. One 
of the most peculiar properties of carbonyl carotenoids is that their excited state lifetime becomes highly 
dependent on solvent polarity [11-15], shortening significantly as the polarity of the solvent increases. This 
behavior is usually explained considering that the presence of the carbonyl can induce a significant charge 
rearrangement in the excited state, conferring an intramolecular charge transfer (ICT) character to the low-
lying energy levels. Although this explanation is generally accepted in the literature, discussions are still 
open concerning the exact nature of the ICT state, its role in the photodynamics and the mechanism of its 
formation [1,5,11,16,17].
	 In this context, the recourse to time resolved spectroscopic techniques for the analysis of the 
infrared/Raman activity of the molecule with high temporal resolution can be extremely useful. Compared 
to visible absorption, the infrared and/or Raman spectrum of a molecule can indeed disclose much more 
extending structural information, being the vibrational bands directly connected with the nature and strength 
of the chemical bonds. Using time resolved IR/Raman spectroscopic techniques it is thus possible to follow 
the structural modifications of a sample in the excited state, gathering, at the same time information about 
the electronic redistribution following light absorption. Indeed, it is well known that molecular vibrations 
are highly sensitive to electronic rearrangements, and shift in their peak positions are expected for instance 
in case of charge localization on one part of the molecule, or polarization of a chemical bond because of 
interaction with a solvent. This information can be useful in the analysis of the excited state relaxation of 
carotenoids, in order to understand what structural variations accompany excited state formation or how the 
solvent can influence the photodynamics in case of carbonyl carotenoids. Numerous studies have appeared 
in the literature, in which the photophysics of carotenoids was studied using both infrared and Raman time 
resolved methods [5,9,11,18-22]. In particular, soon after its development, the technique of femtosecond 
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stimulated Raman spectroscopy (FSRS), has immediately appeared as extremely suited to clarify the excited 
state relaxation mechanism of these molecules, since the multiple C=C and C-C bonds present in the polyene 
chain of carotenoids have an intense Raman activity [18,23,24]. The aim of this paper is that of giving an 
overview of the potentiality of the FSRS technique and of summarizing the main information that our and 
other groups have retrieved using this method in the analysis of the excited state relaxation of different type 
of carotenoids. 
	 The paper is organized as follows: after a description of the technique and its practical implementation, 
several previous studies will be reviewed, starting from the initial application to β-carotene and then moving 
towards biologically relevant carbonyl carotenoids, such as trans-β-apo-8'-carotenal (shortly apocarotenal), 
which is a precursor of vitamin A, peridinin, fucoxanthin and carotenoids contained in the antenna protein 
LHCII. 

2 Result and Discussion

FSRS
	 Time-Resolved Femtosecond Stimulated Raman Scattering (FSRS) [25,26], is a particularly 
interesting technique, extremely suited for studying the mechanisms of internal conversion and vibrational 
energy redistribution, because of its high temporal resolution. Initial implementations of this technique date 
back to the mid-1990s-early 2000s [25,27,28], but it is only after 2003 that significant advances in terms of 
temporal resolution have been gained, thanks to the developments introduced by the group of R Mathies 
[24]. Excellent reviews by the same authors have appeared, describing in details both the experimental 
implementation and theoretical background of this spectroscopic method [26,29,30]. Here, we will review 
the most important aspects of this technique. 
	 In order to obtain Stimulated Raman Scattering, two coherent beams at frequencies ωp and ωs, 
(the index p and s indicating the pump and Stokes (probe) beams), are sent to the sample. If the sample 
has a vibration at frequency ωn = ωp – ωs, the Raman transition will be enhanced, causing an attenuation 
of the pump beam and a gain of the Stokes beam. In FSRS, in order to study samples in the excited state, 
a third beam, referred to as actinic pump, is introduced, whose wavelength is tuned as to be resonant with 
an electronic transition of the sample, thus promoting part of the sample’s population into an electronic 
excited state. The Raman spectrum is collected using two simultaneous pulses: a long (~1ps) narrowband 
Raman pump and a short (tens of fs) broadband Raman probe. The Stimulated Raman effect produces an 
amplification of the probe at all the vibrational frequencies that are stimulated by the Raman pump. Thus, 
sharp amplified vibrational peaks appear over the broadband spectral profile of the probe on both the Stokes 
and anti-Stokes sides. Furthermore, being the sample electronically excited by the actinic pump, both the 
stimulated Raman spectra of the ground and excited states are gathered, as a function of the delay with 
respect to the excitation. The time resolution of the technique can be very high. In principle, it only depends 
on the cross-correlation between the probe and actinic pump pulses, which, if using femtosecond amplified 
lasers and upon suitable compression, can be as short as a few tens of femtoseconds. In practice however, 
ultrashort pulses introduce different artefacts around time zero, such as the “perturbed free induction decay” 
(PFID) and possibly hot luminescence [27]; as a result the time resolution is generally determined by the 
product of the PFID and Raman probe duration. The spectral resolution of the experiment is determined 
by the spectral width of the Raman pump pulse, making it possible for this technique to achieve both good 
spectral and temporal resolution.
Implementation
	 A schematic representation of the setup used for the measurements on apocarotenal and peridinin 
described in the following section is depicted in Fig 2. This setup has been previously described in reference 
[18].
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Fig 2. Schematic representation of a typical FSRS setup.

	 The setup is based on an integrated ultrafast Ti:Sapphire oscillator (Micra, Coherent Inc) and 
femtosecond regenerative amplifier (Legende Elite, Coherent Inc), capable of producing 40 fs pulses with a 
central wavelength of 800 nm, at 1kHz repetition rate. After entering the setup, the beam is divided in two 
portions by a 7% reflecting beamsplitter (BS1). The reflected portion is focused on a 1 mm Sapphire window 
to generate a white light continuum used as the Raman probe. The supercontinuum beam is then split by a 
50% broadband beamsplitter (BS3) into probe and reference beams. The probe polarization is controlled with 
an 800 nm wave-plate. The remaining portion of the incoming beam is used to generate both the Raman and 
the actinic pump. A beam splitter (BS2) inserted in the optical path of the fundamental radiation transmitted 
by BS1, allows to separate it into two portions, used respectively for Raman and actinic pump generation. For 
the experiments performed on apocarotenal and peridinin described in this work, the wavelength of the actinic 
pump was set at 400 nm, which is obtained by frequency doubling of the 800 nm laser fundamental in 1 mm 
BBO crystal. Alternative pump wavelengths could be generated by using a Non-Collinear Optical Parametric 
Amplifier (NOPA), not implemented in the setup described here, which would allow the generation of actinic 
pump pulses in the visible region, tunable in the 470-750 nm range. The actinic pump is directed towards a 
movable delay line, which allows to vary the delay between the actinic pump and the probe pulses up to 1.5 
ns. The Raman pump pulses are obtained by narrowing the spectrum of the 800 nm beam to about 25 cm–1 
(corresponding to the pump pulse duration of 760 fs) through a 4f grating compressor with a mask in the 
Fourier plane [31,32]. Alternative schemes to obtain the Raman pump have been used, as described in ref. 
[30], the simplest one being spectral filtering of the 800 nm laser radiation with a narrowband filter. The delay 
time between Raman pump and probe is set to zero by finely adjusting the pathway of the Raman pump using 
a translator stage.
	 All the beams are then focused on the sample with a 150 mm concave mirror. The spot sizes of all 
the beams are controlled to get 80 mm in diameter at the sample. Telescopes are used to control the actinic 
and Raman pump beams, while the probe is controlled by adjusting the position of a collimating lens placed 
after the sapphire plate. The energy of the actinic pump pulse and the Raman pump were set to 200 nJ and 
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2.5 µJ, respectively for the described experiments. After passing the sample, the probe and reference beams 
are focused at the entrance of a 25 cm Jobin Yvon monochromator (HR 250), equipped with an homemade 
detector consisting of two CCD linear arrays (S8380-512Q, Hamamatsu). A chopper is inserted in both the 
Raman pump and actinic pump arms synchronized, respectively, to half the detector’s acquisition frequency 
and to 500 Hz. The stimulated Raman scattering signal (S ) is obtained as:

	 S = 
I on

pr

I on
ref

 / I
off
pr

I off
ref

 

where Ipr and Iref are the intensities of the probe and reference beams, while the apex on and off refer to the 
Raman pump. A background signal is previously measured and subtracted to the numerator and denominator 
of the equation. The stimulated Raman gain is calculated as g = 1/d*log(S ), where d is the sample optical 
path. This signal contains contributions from both ground and excited states of the examined molecular 
system and from the solvent. The transient SRS signal is then obtained as the difference between the Raman 
gain in the presence and absence of the actinic pump, and by subtracting the solvent contribution.
	 In most cases, the baseline of the time resolved SRS is not flat, possibly due to transient absorption 
induced in the sample by the actinic pump and to modulation of the probe spectrum caused by the Raman 
pump. The correction is generally implemented by subtracting a polynomial function fitted to the raw 
baseline, excluding the regions where vibrational bands are observed. 
FSRS spectra of carotenoids
	 The first application of FSRS to study the dynamics of carotenoids has concerned with the analysis 
of the excited state relaxation of β-carotene [24]. The ground state SRS of β-carotene presents three main 
absorption bands: a C=C double bond stretching band at 1525 cm–1, a C-C single bond stretching band at 
1159 cm–1 and a C-H methyl rocking band at 1007 cm–1. As previously inferred from picosecond Raman 
measurements [33], upon excitation to S2 and fast internal conversion to S1, shifts are observed in the Raman 
bands compared to the ground state absorptions. In particular, the C=C double bond absorption significantly 
upshifts to about 1760 cm–1 because of the vibronic coupling between the S0 and S1 states. The other bands 
undergo only minor shifts upon excitation. In their initial study, McCamant et al did not resolve any Raman 
band assignable to the S2 excited state, whose lifetime is extremely short [24]. By analyzing the kinetics of 
the rise and decay of the S1 C=C stretching band, they were however able to disentangle the excited state 
relaxation of the molecule and the associated vibrational dynamics. The transient data were fitted with a 
sequential decay scheme, considering a very fast S2→S1 internal conversion, whose rate was fixed at 160 
fs, leading to the formation of a hot S1 state. The model then accounted for vibrational relaxation within S1, 
inferred from the slight blue shift and narrowing observed for the S1 C=C band, and for the ground state 
recovery. The results of the analysis suggested that vibrational relaxation in S1 occurs within 450 fs, while 
the S1→S0 decay occurs in about 9 ps. In a further study [34] the same authors managed to observe also 
Raman features pertaining to the S2 state, which appear as very intense and broad bands peaked at about 1100 
cm–1 (methyl rocking), 1313 cm–1(C-C stretching) and 1655 cm–1 (C=C stretching). These features rapidly 
decay in less than 200 fs, signaling the transition towards the S1 state. The high frequency band initially 
peaked at 1655 cm–1 decays in intensity and is replaced by a narrower blue shifted band peaked at 1760 
cm–1, previously assigned to the C = C stretching absorption in S1. The authors excluded the involvement of 
dark states in the S2→S1 internal conversion because they observed a smooth transition between the signals 
assigned to S2 and those assigned to S1.
	 More recently, we extended the analysis of carotenoids using FSRS, by studying the excited state 
relaxation dynamics of a carbonyl carotenoid, trans-β-apo-8'-carotenal (shortly indicated as apocarotenal) 
[18,19]. As already mentioned in the introduction, the presence of an asymmetric C=O substituent on the 
polyene chain confers peculiar properties to carotenals, the most relevant being a significant shortening of 
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their excited state lifetime in polar solvents, that has been attributed to the formation of ICT states. Initial 
FSRS studies on apocarotenal were conducted dissolving the molecule in cyclohexane, as to exclude the 
complications due to the presence of charge transfer states. The aim of these studies was to deeply analyze 
the excited state dynamics and in particular the internal vibrational redistribution (IVR) processes occurring 
in S1. The SRS spectrum of apocarotenal in cyclohexane is quite similar to that of β-carotene, with the C=C 
stretching mode absorbing at 1528 cm–1 in the ground state. The sample was excited using an actinic pulse at 
400 nm and the spectra were measured in a time interval up to 20 ps. The FSRS spectra measured at different 
delays upon actinic excitation are reported in Fig 3.

Fig 3. FSRS spectra measured at increasing delay times for apocarotenal in cyclohexane. 
The ground sate spectrum is reported at the bottom. Reprinted from https://doi.
org/10.1063/1.4879060 with permission of AIP publishing.

	 As shown in Fig 3, the spectra measured at short delays present a very broad positive band peaked 
at about 1660 cm–1, that, in analogy with what observed for β-carotene, is assigned to the upshifted C=C 
absorption in the S2 state. Furthermore, a negative band peaked at 1528 cm–1 is observed, attributed to the 
bleaching of the ground state C=C absorption. The broad band assigned to S2 decays very quickly, and is 
replaced on a timescale >1ps by a narrower peak located at 1752-1769 cm–1, assigned to the C=C absorption 
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in S1. A close observation of the spectral evolution in the 50 fs to 1 ps time interval evidences a peculiar 
phenomenon. The S1 C=C band does not rise immediately upon the decay of the broad signal attributed to 
S2: the band at about 1760 cm–1 initially presents a negative sign, then goes to zero and becomes positive 
in about 1 ps. This sign inversion was attributed to fast vibrational relaxation in the S1 state. The very 
fast S2→S1 internal conversion indeed populates high vibrational levels of the S1 state. The vibrational 
population subsequently relaxes undergoing a population inversion from a higher vibrational level towards 
the fundamental vibrational level of S1. A theoretical model was proposed and applied to fit the dynamics of 
the signal at 1760 cm–1. The model considered three vibrational levels within the S1 excited state vibrational 
manifold, separated by an energy gap, which slightly decreases with the increasing vibrational energy of the 
levels. A series of equations were implemented to describe the quantum mechanical relaxation of the system, 
as detailed in reference [18]. The model allowed to fit the kinetic trace at 1760 cm–1 with high accuracy and 
to retrieve the rate constants associated with the decay of the different vibrational levels of S1. The values 
obtained for the lifetimes were around 300 fs for the two higher vibrational levels and 600 fs for the lowest 
energy level, thus demonstrating that IVR in S1 is complete in about 1 ps. The excited state relaxation then 
proceeds with the recovery of the ground state, occurring in about 30 ps in cyclohexane.

Fig 4. (A) Ground state 2D-IR spectrum of 8-apocarotenal in chloroform, registered with an IR-pump-IR-probe 
delay of 500 fs. (B) Corresponding excited state spectrum registered 3 ps after the excitation with a 400 nm pulse, 
where the two peaks attributed to S1 and ICT states at 1685 cm–1 and 1715 cm–1 are highlighted with a red dot. 
Reprinted with permission from https://doi.org/10.1021/jp505473j. Copyright 2014 American Chemical Society.

	 Further studies on apocarotenal have been performed using time resolved infrared techniques, 
in particular Vis-pump/MidIR-probe spectroscopy (TRIR) [5,11] and transient 2-dimensional infrared 
spectroscopy (T-2DIR) [19]. These studies have been principally devoted on clarifying the role of the ICT 
state in this carbonyl carotenoid and the mechanism and dynamics of its formation. Indeed, by measuring 
TRIR and visible pump-probe spectra in different solvents, it has been established that the polarity of the 
external medium exerts a notable influence on the excited state lifetime of this molecule. Furthermore, an 
evolution of the S1 C=C band was found to occur on the 2-4 ps timescale, which was interpreted as arising 
from the formation of the ICT state. T-2DIR measurements were executed both in cyclohexane, where the 
ICT state does not contribute to the dynamics, and in chloroform, where this state is populated. The spectra 
measured in chloroform presented two peaks around 1700 cm–1, which were assigned as the C=C band of the 
S1 and ICT states respectively, as shown in Fig 4. The band assigned to the ICT state was found to rise with 
a slower kinetics as compared to that of S1. A theoretical analysis was furthermore performed, suggesting 
that population of the ICT state is promoted by a structural distortion of the polyene chain, which localizes a 
larger amount of negative charge on the C=O moiety. Concerning the nature of the ICT state, it was proposed 
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that it results from a repopulation of the 1B+
u state, whose energy decreases below that of the 2A–

g state as a 
result of this structural variation [5].
	 In a following paper, we analyzed the excited state dynamics of peridinin, a carbonyl carotenoid 
contained in the Peridinin-Chlorophyll protein (PCP) of photosynthetic organisms [32]. Peridinin is a highly 
substituted carotenoid with a C37 carbon chain (see Fig 1 for the structure). Its structure presents two carbonyl 
groups and a lactone ring, that highly influence the photodynamics of the molecule, inducing significant 
deviation from an idealized C2h symmetry. The excited state relaxation mechanism of peridinin has been 
deeply investigated [4,36-38]. Because of the presence of different substituents, the relaxation dynamics 
of peridinin strongly depends on the solvent polarity. This behavior has been attributed to the possibility of 
populating an excited state with charge transfer character. The Raman spectra registered for peridinin in its 
electronic ground state in cyclohexane and chloroform are reported in Fig 5.

Fig 5. Stimulated Raman spectra of Peridinin in cyclohexane (black line) and chloroform (red 
line). The high wavenumber region is highlighted in the bottom panel. The band at 1444 cm–1 
is assigned to cyclohexane. Reprinted from https://doi.org/10.1063/1.4915072 with permission 
of AIP publishing.

	 In cyclohexane, the spectrum presents an intense band peaked at 1534 cm–1 (1516 cm–1 in chloroform) 
assigned to the C=C stretching and a less intense peak at 1350 cm–1 (barely visible in chloroform) due to the 
C-C stretching. In the high wavenumber region, small signals are observed at 1611, 1743 and 1934 cm–1. 
The assignment of these bands is less robust, most of the previous works attribute them to absorption from 
the carbonyls and lactone substituents [35]. Although the absorption of carbonyls is in principle not expected 
in the Raman spectrum, nevertheless it is generally accepted that the conjugation with the polyene chain can 
promote some Raman activity of these modes.
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	 In order to gain insights about the shift of the Raman modes in the excited states of peridinin in 
cyclohexane upon excitation at 400 nm, and with a delay of 10 ps. The obtained spectrum is reported in 
Fig 6, together with the ground state SRS of the sample.
	 The spectrum presents two negative peaks at 1534 and 1350 cm–1 corresponding to ground state 
bleachings, and two small positive peaks at 1700 and 1760 cm–1. Comparison with the transient infrared 
spectrum measured for the same molecule [35], allowed to assign the peak at 1700 cm–1 to the upshifted 
C=C stretching in the S1 state and the band peaked at 1760 cm–1 to the lactone C=O. Measurements were 
tentatively repeated in chloroform, but the intensity of the acquired signals resulted too low compared to 
the noise. On the other hand, also for this molecule, the acquisition of TRIR and T-2DIR spectra in both 
cyclohexane and chloroform allowed to clearly identify the signatures of the ICT state in the more polar 
solvent.

Fig 6. FSRS spectrum of peridinin in cyclohexane, measured with a delay of 
10 ps after actinic excitation at 400 nm (red line). The SRS of the sample in 
the ground state is reported at the bottom as a black dotted line. Reprinted 
from https://doi.org/10.1063/1.4915072 with permission of AIP publishing.

	 The analysis of the excited state relaxation of biologically relevant carotenoids with FSRS has been 
furthermore extended to fucoxanthin, a carotenoid contained in several photosynthetic proteins [39]. The 
authors in this case varied the wavelength of the actinic pulse so as to favor the formation of the ICT state. 
By registering the FSRS spectra with two different excitation wavelengths, they were able to identify Raman 
bands pertaining to the ICT state. In particular, it was found that the C=C stretching, which absorbs at 1530 
cm–1 in the ground state, is upshifted to 1735 cm–1 in the S1 state and to 1550 cm–1 in the ICT state. The 
authors also observed that an equilibrium exists between the S1 and ICT states that are coupled through the 
mode at 1550 cm–1.
	 Finally, in a recent study, FSRS was applied to the analysis of the excited state dynamics of 
carotenoids contained in the photosynthetic antenna complex LHCII [40]. The analysis of FSRS spectra 
allowed to evidence the different dynamics of the two xanthophylls contained in this protein, namely 
lutein and neoxanthyn. A detailed analysis of the FSRS spectra, recorded with different actinic excitation 
wavelengths, such as to be selective for the different carotenoids, allowed to disentangle the different roles 
played by lutein and neoxanthin in the protein. It was found that one of the two luteins has the function 
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of transferring energy to the chlorophyll a molecules also present in the protein. Indeed, its excited state 
lifetime results much shorter if compared with that measured for luteins in solution, because of the energy 
transfer channel. The other lutein and the neoxanthin are not involved in energy transfer to chlorophylls, and 
upon light absorption undergo excited state decay with lifetimes similar to those observed in solution. The 
different contributions were extracted thanks to a detailed kinetic analysis of the FSRS spectra recorded upon 
excitation at different wavelengths, and in particular through the analysis of the kinetics of the excited state 
C=C band, which is found at slightly different frequencies for the different carotenoids.

4 Conclusion

	 Femtosecond stimulated Raman spectroscopy is an extremely suitable technique for studying the 
excited state relaxation dynamics of carotenoids, which present distinctive Raman bands in both the ground 
and excited states. The significant time and spectral resolution of this technique allows to clearly follow 
the dynamics of very fast phenomena, such as the internal conversion from the S2 to the S1 state, and the 
vibrational relaxation of the initially hot S1 states. The measurements described in this review demonstrate 
that in most cases internal vibrational relaxation occurs in carotenoids on a fast timescale of about 500 fs. 
Other issues concerning the photodynamics of carotenoids have also been addressed such as the possibility 
that intermediate dark states could be involved. It has been found that in most of the analyzed systems the 
presence of dark states can be excluded, based on the analysis of the FSRS kinetics. Finally, in case of 
carbonyl carotenoids it has been found that combining time resolved Raman and IR measurements allows to 
obtain important information concerning the presence of an ICT state and to analyze both the dynamics of its 
formation and its role in the relaxation of the molecule.
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