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Vibrational signature of 11B+
u and hot 21A�g excited

states of carotenoids revisited by femtosecond
stimulated Raman spectroscopy

Petra Chrupková,ab Andrej Hovan, ac Michal Koblı́žek,d Alastair T. Gardiner, d

Tomáš Polı́vka b and Miroslav Kloz *a

The significance of carotenoids in biological systems cannot be overstated. Their functionality largely

arises from unique excited-state dynamics, where photon absorption promotes the molecule to the

optically allowed 11B+
u state (conventionally S2), which rapidly decays to the optically forbidden 21A�g

state (S1). While the vibrational signature of the S1 state is well established, that of the initial S2 state has

remained elusive. In this work, we identify a consistent S2-state vibrational signature across five different

carotenoids and explain the challenges in isolating this signature. Resonance conditions in the near

infrared region cause the S2 signal to appear as a complex superposition of contributions from

stimulated emission to the ground state, excited-state absorption (S2 to Sm), and vibrationally inverted S1

signals. This results in a mix of positive and negative features that are not trivial to disentangle. After

careful analysis, we isolated the genuine S2 signature, characterized by a CQC stretch near 1600 cm�1

and a C–C stretch near 1350 cm�1. The remaining signals originate from the ground or S1 states but are

virtually inseparable from the FSRS signal on S2-state timescales. Our findings resolve a long-standing

spectroscopic challenge and clarify the early excited-state dynamics of carotenoids.

Introduction

Efforts to capture ultrafast vibrational dynamics in excited
carotenoids closely parallel the development of ultrafast Raman
spectroscopy. Carotenoids are excellent Raman scatterers but
exhibit very weak fluorescence, making them ideal systems for
evaluating time-resolved Raman techniques. Their biological
significance further strengthens their relevance in this context.
Raman spectra of carotenoids are quite simple and dominated
by three well isolated bands: CQC stretching (n1 mode) at 1510–
1530 cm�1, C–C stretching (n2 mode) at 1150–1160 cm�1, and CH3

rocking (n3 mode) at 1000–1010 cm�1.1 Other modes are not to be
discussed in this work although some of them may be relevant
for understanding carotenoid dynamic in proteins, in particular
the C–H out-of-plane bending sometimes shortened as ‘‘hoop’’
(n4 mode) around 960 cm�1 that becomes Raman active if
the polyene backbone gets twisted. Early experiments using

traditional non-coherent Raman scattering with picosecond
laser pulses revealed that the lowest excited state of carotenoids,
the so-called S1, which is a common name for the 21A�g state of
linear polyenes,2 representing the lowest lying excited state (ES)
in case of carotenoids, exhibits an upshifted CQC stretch
vibration.3,4 In b-carotene (Bcar), this mode shifts from approxi-
mately 1526 cm�1 in the ground state (GS) to around 1790 cm�1

in the S1
3,5–8 (hereafter, S1 is a synonym for the 21A�g state

without necessary implying its ordering in the excited state
manifold), with slight variations among different carotenoids.9

These experiments also showed a notable absence of the S1

Raman signature in the anti-Stokes region,10 which will be
commented in the Discussion section. Currently, the most
established model of carotenoid photodynamic assumes that
the S1 state is never directly populated by a single photon
absorption,11 but it is populated from another state, commonly
referred to as S2, corresponding to the 11B+

u state of carotenoids
(hereafter, S2 is a synonym for the 11B+

u state without necessary
implying its ordering on excited state manifold).2,12 This state
is responsible for the HOMO–LUMO transition and in picose-
cond spontaneous Raman experiments it exhibited no obser-
vable Raman signature.8 This was attributed to its ultrashort
lifetime, approximately 180 femtoseconds in Bcar (and even
shorter in polyenes with a conjugation length exceeding that of
Bcar12), which was considered too brief to be resolved using
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picosecond Raman excitation pulses. The assignment of the S2

lifetime was instead accomplished through transient absorp-
tion (TA) spectroscopy,13 femtosecond Kerr gate fluorescence
spectroscopy,14 and fluorescence up-conversion12 which probes
stimulated emission (SE) from the S2 state—a feature that is
virtually absent in the S1 state.15,16 In both TA and Kerr gate
experiments, the instrument response function (IRF) is, within
certain limits, governed by the duration of the actinic pulse that
initiates the photochemical process.

Pulses with durations below 50 fs are now readily available,
enabling the resolution of such ultrafast dynamics. In time-
resolved Raman spectroscopy, however, the situation is more
complex. Owing to the time–energy uncertainty inherent to
spontaneous Raman scattering, a Raman excitation pulse with
a Gaussian full width at half maximum (FWHM) of 15 cm�1

corresponds to a temporal duration of approximately 1 ps.
As a result, even if the reaction is initiated by a femtosecond
pulse and a significant transient population of the S2 state is
achieved, structural information specific to S2—as compared to
S1—would be temporally broadened and effectively smeared
out.10 This limitation was eventually overcome with the resur-
gence of Femtosecond Stimulated Raman Spectroscopy
(FSRS),17 enabling vibration-sensitive measurements on ultra-
fast timescales. Since the advent of FSRS, numerous studies
have sought to establish the vibrational fingerprint of the S2

state, but results remain inconsistent.5,18,19 Over 25 years since
the method’s establishment, a consensus on the Raman sig-
nature of this state is still lacking—despite its importance in
understanding FSRS signals from light-harvesting complexes
and related systems such as retinal proteins that also contain
11B+

u and 21A�g states in their excited state manifold (S1/S2

notation is not used for retinal proteins consistently with
carotenoids).20

In this study, we seek to identify the key factors that have
made assignment of the S2 state’s Raman signature more
challenging than that of the S1 state. To support our analysis,
we examine a series of structurally related carotenoids—neur-
osporene (Neu), b-carotene (Bcar), spheroidene (Spn), lycopene
(Lyc), and spirilloxanthin (Spx). The structures and conjugation
lengths of these carotenoids are presented in Fig. 1. Although
Raman signatures of the S2 state exhibit considerable quanti-
tative variation across these compounds, their qualitative spec-
tral features are consistently reproduced, underscoring the
internal coherence of the observed phenomena. Alongside
presenting our assignment of the S2 Raman signature, we also
propose a comprehensive interpretation of its spectral charac-
teristics. To establish this framework, we first provide a concise
overview of the principles and specific considerations relevant
to FSRS spectroscopy.

Fundamentals of FSRS

Stimulated Raman spectroscopy is a coherent four-wave mixing
process.21 Unlike spontaneous Raman scattering, where inelastic
scattering of a monochromatic pump generates a frequency-shifted

signal, FSRS involves a broadband probe pulse (Pr) whose
transmission spectrum is modified due to interactions with a
narrowband Raman pump (Rp) via the sample’s third-order
polarizability. While a full theoretical treatment is beyond the
scope of this work, several features of FSRS are critical to
understanding the phenomena discussed here:

Temporal resolution beyond time–energy constraints

FSRS is not limited by the energy–time uncertainty principle in
the same way as spontaneous Raman scattering. Vibrational
coherence that is probed by FSRS is generated via cross-
correlation between the Rp and Pr pulses, and in time-
resolved experiments, also with an actinic pump (Pu) that
initiates the photoreaction. With modern femtosecond lasers,
sub-100 fs pump–probe cross-correlations are routinely achiev-
able, making it possible to probe even very short-lived states
like carotenoid S2.22 Nevertheless, extraction of meaningful
vibrational information still requires deconvolution from the
IRF that include artifacts that are for FSRS more complex than
in case of TA, but luckily significant progress in this direction
has been recently achieved.23,24

Spectral signatures of short-lived states

FSRS can capture Raman signals from states with lifetimes as
short as tens of femtoseconds.22 However, the resulting signal
is a convolution of the vibrational dephasing dynamics and the
temporal profile of the Raman pump. Rapid vibration decoher-
ence convoluted by short lifetime of the S2 state inherently
produces broad spectral features, even with a narrowband
Rp. If the vibrational frequency evolves during decoherence,
dispersive line shapes may appear.25 For this reason, it is
important to consider that vibrational signatures of states with
approximately 100 fs duration will look different from what is

Fig. 1 Molecular structures of neurosporene, b-carotene, spheroidene,
lycopene and spirilloxanthin. The red rectangles show the conjugation
length of the particular carotenoid.
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typically observed for a state with lifetime exceeding the vibra-
tional decoherence.

Stokes versus anti-Stokes in FSRS

From this point on we denote as a Stokes process the phenom-
enon where Raman scattering excites the molecular vibration,
while an anti-Stokes process is defined as the phenomenon
where Raman scattering extracts vibrational energy from the
molecule. In spontaneous Raman scattering, the Stokes process
is strictly observed on the low energy side of the Rp wavelength
and an anti-Stokes process at the high energy side, respectively,
and adhere strictly to energy conservation laws in a sense that
the high energy side (often called the anti-Stokes side) contains
only signals from hot states. In FSRS, however, both Stokes and
anti-Stokes fields are present at intensities above the vacuum
level, rendering the distinction between the two processes. The
vacuum field is capable of inducing de-excitation but cannot
provide excitation, which imposes the aforementioned limita-
tions for Stokes and anti-Stokes processes in spontaneous
Raman scattering. However, when a real probe field is present,
the Stokes field becomes capable of both excitation and de-
excitation. Therefore, beating between the Rp and Pr fields at
energy difference matching the molecular vibration can, both
in the high and low energy side of the Rp pulse, lead to either
excitation or de-excitation of the molecular vibrations depend-
ing on actual resonance conditions and molecular state.26

Moreover, due to the Franck–Condon principle, electronically
excited states are often populated in vibrationally hot config-
urations. As a result, both the low and high energy side bands
may contain mixed contributions from Stokes and anti-Stokes
processes during the early femtoseconds following excitation.
In essence, both spectral regions in FSRS are influenced by
processes traditionally labeled as Stokes and anti-Stokes. In this
study, only the low energy side spectra are presented, primarily
for clarity and simplicity. Nevertheless, it is important to
recognize that these signals inherently include contributions
from both Stokes and anti-Stokes processes—a critical consid-
eration when analyzing the dynamics of the S2 state and early
S1 state.

Resonance effects in FSRS

Resonance with excited-state absorption (ESA) or SE can signifi-
cantly influence both the intensity and line shape of FSRS
signals.26,27 In the context of the results presented here, several
principles are particularly important to consider. On the low
energy side, resonance with ESA generally enhances the signal
intensity without substantially distorting its spectral shape.
In contrast, on the high energy side, such resonance can
introduce dispersive distortions or even lead to an inversion
of the spectral feature’s sign.28 When the FSRS signal is
resonant with SE rather than with ESA, the behavior is reversed:
the high energy side signal tends to exhibit straightforward
enhancement, whereas the low energy side signal may become
dispersive or even negative. In this work, we define a ‘‘positive’’
FSRS signal as one corresponding to a gain in the probe field,
and a ‘‘negative’’ signal as one indicating absorption of the

probe field. Dispersive features represent a combination of
both gain and absorption contributions. These resonance-
dependent effects imply that for excited states exhibiting both
ESA and SE, such as the S2 state of carotenoids, the FSRS
spectrum will appear as a superposition of positive and nega-
tive features. Interpreting such complex spectra requires care-
ful attention to the underlying resonance conditions; any
assumption that peaks must be strictly positive or negative
may lead to misinterpretation. This interpretation is supported
by TA experiments,29 which have demonstrated that the S2 state
displays both broad ESA and SE features. Consequently, its
FSRS spectrum is expected to reflect this duality in a nontrivial
manner.

Methods

FSRS and TA measurements were performed using a Ti:sapphire-
based laser system. The original laser output centered at 780 nm
was used as the Raman pump, and the actinic pump energy
was set to 200 nJ in all cases. Five carotenoids were studied: Neu,
Bcar, Spn, Lyc, and Spx. The excitation wavelengths were chosen
to match the 0-0 vibronic transition in the absorption spectrum of
each compound: Neu – 475 nm, Bcar – 475 nm, Spn – 492 nm, Lyc
– 513 nm, and Spx – 522 nm. All samples were prepared to achieve
an optical density of 1.5–1.7 at the respective excitation wave-
length and were circulated through a 1 mm pathlength flow
cuvette with a total sample volume of 1.5 mL to minimize
photodegradation. Bcar was dissolved in carbon tetrachloride
(CCl4) to benefit from its broad Raman-silent region in the
1200–1900 cm�1 range. Lyc was dissolved in tetrahydrofuran
(THF), while Neu, Spn, and Spx were dissolved in cyclohexane.
The source and purity of all carotenoids, as well as a detailed
description of the experimental station and pulse generation
scheme, are provided in the Methods section of the SI.

To ensure data integrity, all spectra were subjected to
rigorous baseline correction, as detailed in the SI (Section:
Background subtraction). The correction method employed is
based on a neural network model, designed to exclude spectral
regions exhibiting excited-state dynamics from the baseline
fitting process.30 This strategy prevents artificial distortions
in the spectral data. Previous work has shown that this neural
network approach yields more reliable results than conven-
tional methods such as polynomial fitting or smoothed data
subtraction.28 Furthermore, data recorded on Bcar and Lyc are
acquired with more detailed time sampling and data are
corrected for spurious solvent GS signal. The data from other
carotenoids (Neu, Spn and Spx) are presented as direct baseline
corrected transient FSRS, that means a direct difference
between Pu-on and Pu-off FSRS signals. Such signal in general
contains spurious GS bleach of all GS modes. In the case of
Bcar, the absence of overlapping solvent features enabled a
responsible subtraction of ground-state signals making this
dataset comprise almost entirely of pure excited state FSRS
signal. For the other carotenoids, subtracting a scaled ground-
state spectrum would introduce residual artifacts as solvent
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and carotenoids GS bleaches differently in excited sample,
potentially leading to misinterpretation.31 This is particularly
critical for negative features associated with the S2 state. Special
care was taken to verify that for Bcar these negative signals
represent genuine excited-state contributions rather than arti-
facts from overlapping positive features.

Results

The experimental results central to this study are presented in
Fig. 2, which displays time-resolved FSRS spectra capturing the
excited-state vibrational dynamics of a series of carotenoids.
These molecules are arranged according to increasing effective
conjugation length, defined as the number of conjugated
double bonds along the polyene backbone: Neu (n = 9), Bcar
(n = 9.6), Spn (n = 10), Lyc (n = 11), and Spx (n = 13). The non-
integer conjugation length assigned to Bcar arises from its
terminal b-rings, which contribute only partially to the con-
jugated system. This value is inferred from spectroscopic para-
meters extrapolated from fully linear carotenoids.1,15 GS
absorption spectra together with their fs TA can be found in
literature.5,9,13,32,33 For readers interested in further detail, full
time-resolved Raman spectra for individual carotenoids are
provided in the SI, Fig. S3–S7. In Fig. 2, each column presents
dynamics associated predominantly with one key dynamic
process. The first column captures the initial formation of the
S2 excited state; the second column illustrates the formation and
vibrational cooling of the S1 state; and the third column repre-
sents the final relaxation to the ground state. The spectra of Neu,
Spn and Spx were measured in cyclohexane, Lyc in THF and Bcar
in CCl4. Although Bcar has been extensively studied in cyclohex-
ane as well, one of the objectives of this work was to investigate its
vibrational dynamics in a solvent that does not spectrally interfere
with carotenoid vibrational modes. Therefore, Bcar was measured
in CCl4, which enables the acquisition of cleaner FSRS spectra by
minimizing solvent-induced artifacts. Unfortunately, only Bcar
was successfully measured in this solvent. As discussed later, no
significant solvent-dependent differences in FSRS dynamics were
observed, provided that unobstructed spectral regions are com-
pared. However, the extent of spectral regions affected by solvent
artifacts varies considerably between individual datasets.

This study focuses specifically on the assignment of the
CQC stretching modes, which are well isolated from both
solvent-induced features and ground-state vibrational bands
in all experiments discussed. As such, their analysis can be
considered effectively solvent-independent. In the case of the
ground-state bleach, the dataset for Bcar is considered the most
representative.

It is known that the S1 state also exhibits minor contri-
butions from C–C stretching modes. These modes are signifi-
cantly less prominent in the excited state than the CQC modes
but will be mentioned when they are clearly resolved and
relevant to the discussion. Nevertheless, their assignment is
inherently more limited, as C–C mode signals are more directly

affected by solvent-related obfuscation, similar to GS bleach
signals.

The time axes in the individual panels in Fig. 2 are not
uniform for all carotenoids but were adapted to optimally
capture the relevant dynamics of photophysical transitions
in each. This approach reflects the well-established trend
that both S2 and S1 excited-state lifetimes including cooling
dynamics decrease with increasing conjugation length.34,35 The
time windows for each dataset were therefore tailored to
encompass the S2 to S1 internal conversion and subsequent
relaxation to the ground state specific to each carotenoid to
enhance visualization of signatures associated with given state.
For details of actual time evolution see Fig. 3 visualizing
absolute S2 and S1 excited-state dynamics.

S2 state

Identifying the spectral signature of the S2 state is a central
objective of this work and therefore warrants detailed attention.
Across all studied carotenoids, three distinct components are
consistently observed within the S2-state lifetime (Fig. 2, left
column). The first feature is a spectrally broad negative signal
that overlaps with GS vibrational regions mentioned in the
Introduction (B1005 cm�1, 1155 cm�1 and 1525 cm�1).
Although the minimum of the negative signal aligns well with
these GS frequencies, the broadening is significant, up to
B100 cm�1, making them much wider than the GS vibrational
features. These signals can be observed even for carotenoids in
cyclohexane, however dataset on Bcar, that is almost devoid of
solvent and GS bleach signals confirms existence of the nega-
tive features most distinctly.

A second key characteristic of the S2 state is the appearance
of a broad positive band between 1500 and 1750 cm�1. The
precise position and shape of this feature varies only slightly
among carotenoids except Lyc (Fig. 2(4A)) where it exhibits a
significant redshift. For the shorter carotenoids; Neu
(Fig. 2(1A)), Bcar (Fig. 2(2A)) and Spn (Fig. 2(3A)) a shoulder
is discernible near 1700 cm�1 that overlaps well with the
position of the main band of Lyc (Fig. 2(4A)). This observation
suggests that the positive feature is, in fact, a superposition of
two bands: one centered near 1600 cm�1 and another around
1700 cm�1. As the conjugation length increases, the latter band
grows in prominence and ultimately dominates the spectrum
in Lyc (Fig. 2(4A)) even though in the longest carotenoid Spx
(Fig. 2(5A)) the band is again comparable to what can be
observed for shorter carotenoids. We assign the 1600 cm�1

band to the CQC stretching mode in the S2 state. This is
supported by the amplitude of this band in relation to carote-
noid conjugation length. We clearly observe this band to
decrease in amplitude with elongation of carotenoids. That is
a natural consequence of resonance conditions. All carotenoids
have S2 state ESA in the near infrared region, typically peaking
above 950 nm, but it shifts even further into lower energies for
longer carotenoids.13,15 With FSRS realized at 780 nm the pre-
resonant conditions are strongest for shorter carotenoids and
gradually decreasing for longer carotenoids whose S2 state ESA
is further in the near infrared region. It is possible that also the
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1700 cm�1 band originate in CQC stretch of S2 state. There is,
however, a possibility that the 1700 cm�1 component originates
from a vibrationally hot S1 state that rapidly follows S2 population.
This hypothesis will be discussed in a later section. In Bcar
measured in CCl4, an additional weak positive band can be clearly
identified near 1340 cm�1, which we assign to the S2 state C–C
stretching vibration (Fig. 2(2A)). This assignment cannot be
easily confirmed for carotenoids measured in cyclohexane due
to interference with solvent signals in that region coupled with
very small prominence of the band. Nevertheless, it is consis-
tent with previous observations of the S2 C–C mode in the

orange carotenoid protein (OCP),22 supporting its validity. After care-
ful inspection similar small bands can be resolved at 1325 cm�1 in
Lyc (Fig. 2(4A)), around 1360 cm�1 in Neu (Fig. 2(1A)) and Spn
(Fig. 2(3A)) and around 1375 cm�1 in Spx (Fig. 2(5A)) most probably
originating in C–C mode of the S2 state as well.

A third characteristic of the S2 response is a negative band
that closely matches the known vibrational position of the S1

state CQC stretching mode can be considered as a unique FSRS
signature of the carotenoid S1 state. It typically appears between
1770 and 1800 cm�1 for carotenoids in organic solvents and is
always manifested as a positive peak. Although the negative dip

Fig. 2 Time-resolved spectra of all measured carotenoids. The first column shows the dynamics within the lifetime of the S2 state, the second column
shows the rise of the S1 state, and the third column shows the relaxation of the S1 state. The positions of carotenoid ground-state vibrations, all
manifested as GS bleach, are marked in all panels. Asterisks indicate GS CQC stretching modes, circles mark GS C–C stretching modes. The methyl
rocking GS vibration at approximately 1000 cm�1 is marked with a square, but only for lycopene and b-carotene. In all other cases, this band is
overlapped by the ring deformation mode of the cyclohexane. All remaining vibrational bands are associated with the respective solvent.
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observed here at S2 state population times does not perfectly
match the peak position of the CQC band of a relaxed S1 state,
the spectral alignment is remarkably consistent across all
carotenoids examined. This is clearly visible in the second
column of Fig. 2, where the negative feature coincides with
the eventual emergence of the S1 peak at later time delays.
Although the peak is not located at the same spectral position
exactly, the strong correlation between its position at the S2 and
S1 lifetimes suggests a functional connection between these

features, making it unlikely that the observed negative signal is
unrelated to S1 state. The intensity of this (negative) signal
varies between different carotenoids, and in Fig. 2(4B and 5B),
we can see that after a certain conjugation length is exceeded,
as in the case of Lyc (Fig. 2(4B)), the signal is no longer visible.
However, this does not necessarily imply its absence: its detec-
tion may be obscured by the strong positive population signal
near 1700 cm�1 observed in Lyc (Fig. 2(4B)). A detailed analysis
was conducted to evaluate the possibility that this signal
originated from S1 population generated by the Rp pulse in
the actinic pump-off configuration and thus to be an artifact of
transient FSRS measurement. However, that is clearly not the
case. As shown in SI, Fig. S1, the raw signals without subtrac-
tion of excitation-on and excitation-off conditions and any
baseline treatment, clearly reveal a genuine signal inversion
at the peak position in the actinic-on configuration at 180 fs,

Fig. 4 Schematic of superposition forming the generic 11B+
u state FSRS

signature in near infrared resonance region, for simplicity only the domi-
nant CQC stretch is visualized for excited states. (A) Diagram of FSRS
processes involved in formation of FSRS signature. On the left there are
processes that generate inverse signals (anti-Stokes scattering and reso-
nance with SE) and on the right process generating positive signal via
resonance with ESA. (B1) 11B+

u CQC vibration from resonance with ESA. (B2)
broadened GS signal from resonance with SE (B3) inverse signature of 21A�g
state from very-hot-S1 state with positive band from hot mode and
negative band form the relaxed mode (BS) superposed generic signature
of the 11B+

u state when all key signals are present. Note that potential
energy surfaces are drawn such that 21A�g state is close or slightly above
11B+

u in GS configuration.

Fig. 3 Evolution of CQC mode frequency during S2 (blue curves) and S1

state (red curves) relaxation. The anomalous nature of S2 peak shift trend in
Lyc suggests that the band in fact represents cooling of hot-S1 CQC
mode.
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while the actinic-off signal exhibits a flat baseline at the
corresponding time delay. In contrast, a distinct positive signal
appears at the S1 state lifetime only in the actinic-on condition.
These observations provide compelling evidence that the fea-
ture represents a genuine inverted (negative) signal associated
with S1 state CQC dynamics during S2 state population times.

To summarize the observations, the time frame during
which the S2 state is populated is clearly associated with both
positive and negative features. Positive signals are associated
with CQC stretch manifested around 1600 cm�1 (values very
mildly among individual carotenoids) and C–C stretch mani-
fested around 1340 cm�1 (vary slightly more than CQC band),
both partially enhanced by resonance with ESA of S2 state in
near infrared region. Additionally, there is shoulder at 1700 cm�1

whose origin is more difficult do decipher. In addition, there are
broadened negative features at all GS mode locations and negative
band at S1 state CQC mode location. Whether all these signals
directly originate from the S2 state or involve additional secondary
processes is a key issue addressed in this study. The relative
proportion of positive and negative components varies substan-
tially between carotenoids, although some broad trends with
respect to conjugation length can be discerned. It is critical to
emphasize that these features were recorded using a 780 nm Rp
pulse, and any interpretation must consider context of resonances
and pre-resonance at this wavelength. The S2 state of carotenoids
generally exhibits excited-state absorption in the near-infrared
region, typically peaking above 950 nm. As such, a wavelength
of 780 nm can generally be considered pre-resonant with S2 ESA.
However, the extent of pre-resonance is highly dependent on the
specific carotenoid, as S2 absorption tends to shift further into the
red for longer carotenoids and generally becomes broader for
more substituted carotenoids making relation to conjugated
length carotenoid type specific.

S1 state dynamics

In contrast to the S2 state, the FSRS signature of the S1 state is
well established and the recorded results align with prior
literature.5–8 Our measurements reveal no major deviations
from previously reported results. The dominant S1 feature is a
positive band near 1790 cm�1, though its precise position
differs slightly between carotenoids and does not show a
straightforward correlation with conjugation length. However,
this study highlights a previously underexplored aspect of S1

state formation. As shown in the data, the rise of the S1 signal
does not immediately follow the decay of the S2 signal—a
phenomenon recorded in earlier studies but rarely addressed in
detail.19,36 Many prior FSRS investigations of carotenoids,
mostly b-carotene, lacked sufficient temporal resolution or time
sampling to unambiguously resolve the S2 to S1 transition,
leading to sidelining this phenomenon. Our results show that
the S1 signal emerges with a noticeable delay, which coincides
with the decay of the negative S2 band (Fig. 2, middle section).
As a result, at the S2 half-life, the S1 contribution is not yet fully
developed; instead, it counterbalances the negative S2 feature,
resulting in a near-zero net signal. In the shortest carotenoids,
Neu and Spn, this transition is marked by a brief plateau lasting

several hundred femtoseconds. It can be observed in detail in
Fig. S2 in the SI that compares the kinetics of CQC mode
population at S2 and S1 frequencies. In longer carotenoids,
where both S2 and S1 dynamics are faster, this transition
appears smoother and the signal cancellation less distinct.
Nevertheless, the consistent transition from a negative to a
positive signal in the CQC stretching region is observed across
all carotenoids studied under 780 nm FSRS probing and under-
score its universal character. Another notable observation is a
pronounced early-time downshift in the S1 vibrational band.
We attribute this to vibrational anharmonicity in the hot S1

state, reflecting ongoing vibrational cooling. This relaxation
process concludes within approximately 1.5 ps in the shortest
carotenoids but is scarcely detectable in longer ones such
as Spx.

System relaxation

The S1 state dynamics is characterized by a CQC stretch around
1790 cm�1, decaying with a lifetime consistent with S1 state
relaxation known from literature.5–7 In the case of Bcar in CCl4,
an additional broad band spanning 1450–1750 cm�1, peaking
near 1550 cm�1, is observed (Fig. 2(2C)). This feature is
tentatively assigned to an intramolecular charge transfer (ICT)
state based on previous reports of similar features,37 which
forms despite the absence of a keto group and is likely due to
the properties of CCl4. Although the solvent is globally non-
polar owing to its symmetric tetrahedral structure, the indivi-
dual C–Cl bonds are strongly polar. Interactions with these
bonds may induce local asymmetry in a fraction of carotenoid
molecules, promoting ICT state formation. Previous studies
have shown that ICT features are particularly prominent when
probed in the red or near infrared region, due to the ICT state’s
red-shifted absorption resonating more strongly with near-IR
excitation compared to both S1 and S2 state.37 The fact that the
ICT signal reaches only about half the amplitude of the S1 peak
despite the strong resonance suggests that the actual popula-
tion of the ICT state is relatively small.

Evolution of CQQQC stretch energy

The temporal evolution of the peak maximum frequency was
obtained by directly reading the peak positions from densely
sampled FSRS datasets and is presented in Fig. 3. It illustrates
the instantaneous vibrational frequency of the CQC stretching
mode associated with the S2 state (within the 1500–1750 cm�1

region) and the S1 state (within the 1750–1850 cm�1 region) for
photoexcited carotenoids. The data reveal a distinct blue shift
in the CQC stretching frequency during the lifetime of the S2

state, suggesting structural relaxation along the reaction coor-
dinate. This is followed by a transition through a conical
intersection into the S1 state, where the CQC stretching
frequency exhibits a blue shift as it approaches its final value.
This upward shift reflects vibrational cooling within the S1 state
and likely also continued evolution of the underlying potential
energy surface, which increases the energy separation between
the S2 and S1 states during early stages of relaxation.
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Notably, Lyc shows an anomalously small frequency differ-
ence between its S2 and S1 CQC stretching modes. This
behavior is attributed to Lyc’s high molecular symmetry and
minimal end-group substitution. As will be discussed in more
detail later, it is possible that the CQC band FSRS signature
recorded during Lyc’s nominal S2 lifetime primarily originates
from a vibrationally hot S1 state rather than from S2. This
interpretation is supported by the observation that, unlike
other carotenoids—where the S2 CQC band shifts toward lower
frequencies, the corresponding feature in Lyc shifts toward
higher frequencies, a trend clearly associated with the cooling
dynamics of the S1 state. Lyc nominally has the second most
red-shifted absorption for both the S1 and S2 states (i.e., absorp-
tion to Sn), making the 780 nm region arguably less resonant
with S2, since the S2 - Sn absorption shifts further into the
infrared, away from 780 nm. Conversely, it may be more
resonant with the S1 - Sn transition, and in particular with
the hot-S1 - Sn transition, which has an absorption tail
extending into the near-infrared region, effectively bringing it
closer to 780 nm.23 In the case of the longest carotenoid with
the most red-shifted resonances, Spx, we observe a very weak
S2-state signature, which is consistent with the presented
theory that pre-resonance diminishes with increasing conjuga-
tion length. However, the S2-state signature appears to be
located similarly to that of shorter carotenoids, that means
around 1600 cm�1 and the hot-S1 signature is not clearly
manifested, making the S2 state of Lyc dynamics somewhat
anomalous compared to all other recorded carotenoids.

Kinetics of CQQQC modes

In Fig. S7 of the SI, a simple kinetic analysis of the bands
associated with the CQC stretching modes of the S1 and S2

states is presented. The results of this analysis are summarized
in Table 1. While a detailed study of kinetic parameters is not
the primary aim of this work, it can be noted that the Raman
signature of the S1 state CQC mode closely follows the well-
established S1 state lifetime. In contrast, the decay of the S2

state CQC mode differs significantly from reported S2 state
lifetimes as it is generally shorter than those obtained from
fluorescence upconversion measurements. This discrepancy
likely arises from the very rapid vibronic and electronic reorga-
nization within the early S2 state, which generates ultrafast
dynamics in S2 resonance. Specifically, the hot S2 state is

believed to be considerably more resonant with the Rp pulse
at 780 nm than the relaxed S2 state, and it is likely that the
Raman cross section evolves rapidly, as the polarizability can
also be affected by nuclear rearrangements. Consequently, the
kinetics extracted from the S2 Raman signatures are convoluted
with rapid S2 state cooling and conformational stabilization
processes. Additionally, the hot S1 state signatures partially
overlap with the S2 state signatures, resulting in distinctly bi-
exponential kinetics recorded at 1600 cm�1: the fast compo-
nent primarily originates from the S2 state, while the slower
component arises predominantly from the hot S1 state.

Discussion
Multi component nature of S2 state signature and origin of
negative signals

Before a detailed discussion about the assignment of the
observed signals, it is important to single out the sources of
confusion that complicate any assignment of the S2 state
signature. The challenges associated with recording and assign-
ing the vibrational signature of the S2 state are affected by
several key issues; baseline correction artifacts, misinterpreta-
tion of negative signals, particularly in proximity to solvent
bands, insufficient temporal resolution and sampling, inade-
quate spectral resolution and fundamental inseparability of
certain signals that might have a different origin. All these
features compromised capacity to properly separate positive
and negative signals and thus set a genuine baseline for S2 state
signature.

Baseline correction remains a persistent challenge in FSRS
spectroscopy and is arguably one of the primary factors limiting
its broad adoption relative to mid-infrared vibrational spectro-
scopy. Most baseline correction methods rely on threshold
criteria that define the maximum width of features considered
as true spectral peaks. In the simplest way it is for example the
order of polynomial used to fit the baseline, but other
approaches have this parameter indirectly as well, e.g. in the
case of machine learning based methods the widths of peaks
generated in the training set. The CQC stretch associated with
the S2 state is characteristically broad, and standard methods
optimized for narrower features, such as those observed for the
ground state or the S1 state, tend to misclassify this broad
feature as part of the baseline. To address this, we system-
atically tested multiple baseline correction approaches. Despite
methodological differences, all consistently revealed the
presence of the broad feature attributed to the S2 state, sup-
porting its authenticity. Furthermore, recent work9 summariz-
ing S1 state signatures in various carotenoids includes, in the
SI, FSRS data from early pump probe delays. These data also
exhibit the same spectral features identified in our study, even
though no effort was made in that work to optimize baseline
correction for their extraction and so further reinforce the
validity of our assignment. The other baseline related topic is
removal of the GS bleach. While in TA and mid-IR spectro-
scopy negative signals arising from GS bleach are standard and

Table 1 Kinetic constants were derived from the temporal evolution of
the CQC mode of the S2 state at 1600 cm�1 and the CQC mode of the S1

state at 1780 cm�1. The S2 mode generally displays strongly bi-exponential
behavior, likely due to the overlap between the S2 state lifetime and the
cooling dynamics of the hot S1 state

Carotenoid

S2 CQC at 1600 cm�1 S1 CQC at 1780 cm�1

t1 [ ps] t2 [ ps] t [ ps]

Neurosporene 0.12 � 0.02 0.57 � 0.28 29.0 � 1.9
b-Carotene 0.13 � 0.01 2.25 � 0.28 11.2 � 0.4
Spheroidene 0.07 � 0.01 — 5.93 � 0.28
Lycopene 0.04 � 0.003 0.60 � 0.015 4.27 � 0.11
Spirilloxanthin 0.90 � 0.66 — 1.02 � 0.09
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well-understood, FSRS has historically adopted a different
methodological approach. Specifically, GS vibrational peaks
are often carefully removed by linearly scaling and subtracting
a GS reference spectrum.5,7,19 This practice is partly justified, as
excited-state FSRS spectra are typically recorded under distinct
resonance conditions, and the intensity of GS bleach signals is
generally less informative compared to TA or mid-infrared data.
Furthermore, the presence of a spurious GS bleach, which often
arise from experimental artifacts, compromises the reliability
of bleach amplitudes as indicators of excited-state population.
However, this routine suppression of negative signals can
obscure genuine spectral features. Notably, negative bands
especially when coinciding with GS vibrational modes and even
the S1 state signatures can in fact be authentic components of
the S2 state vibrational signature and that is the claim to be
justified in this work. In case of the S2 state the negative
features are not artifacts resulting from the subtraction of a
GS reference spectrum. This becomes more prominent with
narrowing the Rp pulse, making GS bleach and negative GS
signal associated with the S2 state more distinguishable by
genuine GS bleach being much narrower than negative S2

features that follow the broad bandwidth dictated by short S2

state lifetime. Since FSRS is a nonlinear process, its efficiency
drops with increased pulse duration. Old experiments were
conducted with relatively broad Rp pulses that made the
negative signal from S2 state less distinctly broader than GS
modes that were broadened by instrument spectral resolution
below their intrinsic bandwidth.19,38,39

The appearance of such negative features raises a funda-
mental question regarding their physical origin, which is
addressed in the following section. In FSRS spectroscopy,
negative vibrational signals can arise from two principal
mechanisms, and due to the complex nature of the S2 state, it
remains challenging to determine the dominant contributor
with complete certainty. One plausible explanation involves
resonance with SE, which can produce inverted (negative) peaks
in the Stokes (red shifted) region of the FSRS spectrum.26,28 It is
well-established that the S2 state exhibits a broad SE band,
spanning from the blue to the red region of the spectrum.
Although up-conversion measurements indicate that this emis-
sion does not extend to 800 nm,40 FSRS is highly sensitive to
even pre-resonant conditions, which can substantially influ-
ence the observed spectral response.

The spectral distribution of SE, characterized by an expo-
nential decline from the blue-green to the red, suggests that the
Rp pulse is more closely pre-resonant with SE than the Stokes
component of the probe pulse at around 925 nm for 1700 cm�1

Stokes shift. Under these conditions, the conventional off-
resonant FSRS interaction, in which the Rp pulse is absorbed
and the probe experiences gain, can be inverted so that the Rp
pulse undergoes amplification, while the probe experiences
attenuation due to absorption. Theoretical work has supported
the feasibility of such signal inversion when SE resonance is
present,26,28 although experimental verification under realistic
conditions remains limited. Importantly, resonance conditions
not only enhance signal intensity but can also induce vibrational

coherence at states accessed by resonance. Indeed, resonant
Raman scattering has historically been used to predict ultrafast
dynamics in retinal systems prior to the development of femto-
second time-resolved methods.41 Those phenomena are applic-
able to resonance with SE as well, albeit with an inverted sign. In
this context, resonance with SE from the excited S2 state to the
ground state effectively couples to ground-state vibrational modes,
thereby incorporating them into the observed S2 state spectral
signature. However, since SE arises from the short-lived S2 state,
the associated vibrational features appear significantly broadened
due to the finite lifetime of the mediating electronic state. This
interpretation provides a plausible explanation for negative peaks
observed at spectral positions corresponding to GS vibrational
modes. However, it fails to account for the negative feature
observed at 1790 cm�1, as SE from the S2 to the S1 transition is
negligible. An alternative mechanism for peak reversal is the
inversion of vibrational population. Several studies have proposed
that the energy gap between the S2 and S1 states is significantly
reduced in the relaxed ground-state geometry, or that the S1 state
may even lie above the S2 state at GS nuclear coordinates.42 It is,
therefore, likely that the initially formed S1 state is internally hot
and formed exquisitely at vibrationally excited state. Under such
conditions, the lowest vibrational levels of the early formed S1

state may be populated primarily through an anti-Stokes process,
wherein the optical field and probe side gains energy from the
molecule rather than depositing it. In this context, we propose
that the observed inversion of the S1 CQC stretch band at S2 state
population times is a manifestation of a genuine anti-Stokes
Raman process at the low energy (traditionally called Stokes) side
of FSRS signals. This interpretation predicts a comparable impact
on both low and high energy side signals, as it does not rely
directly on molecular resonance effects. That aligns with the high
energy side FSRS spectra of Lyc in a recent report23 where the
negative peak can be seen as well. In this context we speculate that
the negative signal at 1790 cm�1 does not originate in resonance
with simulated emission but in a hot-S1 state that exists in the
form of population inversion (excited S1 modes are occupied more
than relaxed S1 modes).

It is worth noting that all mentioned spectral features
associated with S2 state, both positive and negative, are in fact
resolvable in the seminal work by Kukura et al.21 and later
reproduced by Redeckas et al.,43 although in both works signals
were from current perspective somewhat modulated by base-
line treatment procedures. Interestingly, the work43 more
clearly manifests the negative feature at S1 peak location during
the S2 state lifetime, and to a large extend it is intermediate
between interpretation by Kukura et al.21 and the one presented
in this work. In this regard, the present work in fact supports
the validity of the oldest published S2 state FSRS signature
proposed in another work by Kukura et al.38 The key advance-
ment offered here is the reinterpretation of the features in a
correctly placed baseline. Three broad bands were identified in
those studies. This work suggests that the S2 state signature in
fact primarily consists of 3 broad negative signals. These valleys
are likely the result of pre-resonance with SE from the S2 state
into the ground state, contributing to the complex structure of
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the S2 signature when probed with a 780 nm (or similar)
Raman pulse.

In two previous studies by Takaya et al.,6,44 FSRS measure-
ments of b-carotene revealed a broad positive S2-associated
band centered around 1600 cm�1. The absence of a negative
S1-related feature can likely be attributed to different resonance
conditions, as the Raman pump wavelength was set to 1190 nm
that nearly perfectly resonates with the S2 state.6,44 In the given
context we consider those works as the most accurate assign-
ments of genuine S2 Raman signatures.

A necessary point of discussion concerns the discrepancies
between other previously published studies on this topic.
In particular, the work45 presents a comparison of FSRS data
for Bcar collected using Rp wavelengths of 776 nm (FSRS
analyzed on the high energy side) and 573 nm (FSRS analyzed
on the low side). The spectra recorded at 776 nm exhibit
features that are in qualitative agreement with the results
presented in the current study. However, the comparison is
difficult due to effects inherent to high energy side anti-Stokes
(blue side) region, where resonance with ESA leads not only to
signal enhancement but also to peak shape distortion but even
to peak reversal.26 In contrast, the data acquired at 573 nm do
not display the broad positive band; instead, they show only the
negative peak associated with the S1 state and GS.45 This
observation can be rationalized by considering the resonance
conditions: at 573 nm, the experiment is no longer resonant
with ESA from the S2 state, thereby suppressing its spectral
contribution. Simultaneously, the resonance with the S1 state,
particularly the hot-S1 state, is enhanced together with reso-
nance with SE, leading to the more prominent appearance of its
vibrational signature in the FSRS data. In short it seems that at
shorter wavelengths of Rp pulse, specifically in the visible
region, the negative S1 peak around 1790 cm�1 becomes more
prominent while in near infrared resonance with S2 the positive
peak at 1600 cm�1 becomes more prominent. Underscoring their
separate origin from S1–Sn and S2–Sm resonances respectively.

Two phase S1 state cooling and its implication to Sx state

The so-called Sx state was originally proposed to account for
discrepancies observed in TA data during the conversion from
the S2 to the S1 electronic state.46–48 These inconsistencies were
further underscored by FSRS measurements, which revealed a
distinct delay in the appearance of the S1 associated CQC
stretching mode, a delay that does not temporally coincide
with the decay of the S2 state population.40 The data presented
herein offer a plausible mechanistic explanation for this obser-
vation. Specifically, because the S2 state is characterized by an
inverted peak at the spectral position of the S1 CQC stretch
mode, during the intermediate phase of the S2 to S1 population
transfer, when both states are concurrently populated and the
opposing contributions from these two states effectively cancel
each other and result in a transient plateau in the spectral
signal. This effect is particularly pronounced with the shorter
carotenoids, Spn and Neu, as illustrated in Fig. S2 in SI.
Consequently, the CQC stretching band associated with
the relaxed S1 state does not emerge concurrently with S2

depopulation but instead appears during its trailing phase.
We propose that this temporal offset arises from a biphasic
vibrational relaxation process within the S1 state. The depopu-
lation of the S2 state is ultrafast and marked by strong coupling
between electronic and vibration states. During the initial
phase of S2 decay, the S1 state is populated in a highly excited
configuration (here referred to as ‘‘very-hot-S1’’), likely exhibit-
ing vibrational population inversion in which only the high-
energy vibrational levels are significantly occupied. At this
stage, the lowest-energy vibrational level of the CQC stretch
mode in the S1 state (B1790 cm�1) remains unpopulated, while
the higher, populated vibrational levels are shifted closer to
1700 cm�1 due to anharmonicity. Consequently, this mode can
only be accessed via anti-Stokes Raman scattering, resulting in
an inverted (negative) feature in the FSRS spectrum. In con-
trast, the very-hot-S1 state gives rise to strong positive spectral
features near 1700 cm�1, originating from anharmonically
shifted vibrationally excited modes, and tends to spectrally
overlap with the S2-related vibrational modes near 1600 cm�1.
Notably, the S1 associated C–C stretching mode near 1240 cm�1

is also observed in the data at S2 state times, yet it does not
exhibit signs of vibrational inversion and appears as a positive
band in the FSRS spectra at particularly early S2 state lifetimes,
akin to the relaxed S1 state. This observation supports the
hypothesis that the transition from the GS to the S2 state
induces a rapid bond-length reorganization that disproportio-
nately affects double and single bonds, channeling vibrational
energy preferentially into the CQC modes. This interpretation
is consistent with the relatively moderate upshift of the C–C mode
in S1 state (approximately 80 cm�1) compared to the signifi-
cantly larger shift observed for the CQC mode (approaching
1700 cm�1). Thus, the observation of a sign inversion in the
CQC mode while not present in the C–C mode may represent
the first experimental indication of such bond-specific vibra-
tional population dynamics. The very-hot-S1 population rapidly
relaxes into a hot-S1 state, in which CQC stretch modes remain
excited but begin to approach Boltzmann distribution, with
lower-energy modes already predominantly occupied. Although
vibrational cooling within the S1 state typically occurs on the
order of several hundred femtoseconds, the vibrational inver-
sion associated with the very-hot-S1 state is likely even more
short-lived, potentially shorter than the lifetime of the S2 state
and rendering it kinetically inseparable from S2 in standard
global analysis models. That is in alignment with picosecond
spontaneous Raman experiments that did not record anti-
Stokes signal of the S1 state.10 The vibrationally excited S1 is
arguably even shorter lived and less populated then S2 state
making it impossible to capture without femtosecond techni-
ques. In this context, we propose that certain spectral features
previously attributed to the Sx state may instead arise from this
intermediate phase, wherein the S1 state is still in a vibration-
ally inverted, non-equilibrium configuration that more closely
follows the decay of the S2 state rather than the dynamics of the
fully relaxed S1 state. This transient and highly non-equilibrium
S1 population exhibits distinct spectral characteristics and
dynamic behavior that deviate significantly from the canonical
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S1 fingerprint, supporting the interpretation that the so-called
Sx state may, in fact, be a manifestation of vibrational inversion
during the early relaxation pathway of the S1 state on its
potential energy surface that we call here a very-hot-S1 state.

Conclusion

We observed a Raman signature corresponding to the S2 (11B+
u)

state of carotenoids, characterized by a prominent CQC
stretching mode, appearing as a broad (B100 cm�1) band
centered near 1600 cm�1. In addition, the S2 state exhibits a
weaker band around 1350 cm�1, which is likely attributable to a
C–C stretching vibration. However, those positive spectral
signatures are in general obscured by overlapping features that
are kinetically indistinguishable from the S2 population. These
overlapping signals likely arise from two primary sources: SE
from the S2 state and contributions from the very-hot-S1 state,
that is formed predominantly during the early phase of S2

population. SE manifests as ground-state-like CQC and C–C
stretch and methyl rock bands, but these are broadened due to
the short lifetime of the S2 state and exhibit inverted signs. This
inversion arises because SE couples to the Rp and Pr fields in
the opposite phase relative to excited-state absorption. The
very-hot-S1 state contributes a distinct positive band near
1700 cm�1 and a negative band around 1790 cm�1. This
structure likely originates from a transient vibrational popula-
tion inversion of the CQC stretching mode during the initial
formation of the S1 state, in which only the highly excited
vibrational levels are populated. That is visualized in Fig. 4.
Interestingly, the C–C stretching mode associated with the very-
hot-S1 state also appears in the FSRS spectrum; however, unlike
the CQC mode, it does not show evidence of population
inversion and presents as a positive band similar to that
observed in the relaxed S1 state. This difference may reflect
rapid bond-length reorganization following the GS to S2 elec-
tronic transition, which appears to affect the C–C and CQC
bonds in an uneven way. Taken together, these observations
suggest that some of the spectral and kinetic features pre-
viously attributed to the so-called Sx state may, in fact, originate
from the temporal overlap between the S2 state and the very-
hot-S1 state. The latter exists in a strongly vibrationally inverted
configuration and thus exhibits markedly different spectral
characteristics from the thermally relaxed S1 state.
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