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By means of one- and two-dimensional transient infrared spectroscopy and femtosecond stimulated
Raman spectroscopy, we investigated the excited state dynamics of peridinin, a carbonyl carotenoid
occurring in natural light harvesting complexes. The presence of singly and doubly excited states, as
well as of an intramolecular charge transfer (ICT) state, makes the behavior of carbonyl carotenoids in
the excited state very complex. In this work, we investigated by time resolved spectroscopy the relax-
ation of photo-excited peridinin in solvents of different polarities and as a function of the excitation
wavelength. Our experimental results show that a characteristic pattern of one- and two-dimensional
infrared bands in the C==C stretching region allows monitoring the relaxation pathway. In polar
solvents, moderate distortions of the molecular geometry cause a variation of the single/double carbon
bond character, so that the partially ionic ICT state is largely stabilized by the solvent reorganization.
After vertical photoexcitation at 400 nm of the S2 state, the off-equilibrium population moves to the
S1 state with ca. 175 fs time constant; from there, in less than 5 ps, the non-Franck Condon ICT state
is reached, and finally, the ground state is recovered in 70 ps. That the relevant excited state dynamics
takes place far from the Franck Condon region is demonstrated by its noticeable dependence on the
excitation wavelength. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915072]

I. INTRODUCTION

Peridinin is a highly substituted carbonyl carotenoid oc-
curring in the light harvesting complexes of some dinofla-
gellates.1,2 These organisms have evolved an efficient light-
harvesting system, able to absorb sunlight mostly in the blue/
green spectral region, with the red-most part of the solar spec-
trum being highly absorbed by water.3,4 One of the best charac-
terized peridinin containing antenna systems is the water solu-
ble peridinin-chlorophyll-protein (PCP), whose crystal struc-
ture has been solved at 2.0 Å resolution.2 Numerous experi-
mental studies on PCP and similar antennas reveal that carot-
enoid is the main light harvesting pigment, which efficiently
transfers energy to chlorophyll a. This situation differs from
that in higher plants, where sunlight is principally absorbed by
chlorophyll b and chlorophyll a. Furthermore, peridinin has
an important photo-protective role, since it can either quickly
quench chlorophyll triplet states or directly react with singlet
oxygen.3,5,6 The peculiar excited state characteristics of peri-
dinin prompted many experimental studies about its photo-
physics.7–11

The elucidation of the light induced processes occurring
in this molecule is a crucial step in the understanding of the
mechanism operating in the natural antennas. Furthermore,

a)M. Di Donato and E. Ragnoni contributed equally to this work.

it assumes a great importance in view of current research
efforts aiming at developing molecular systems capable of effi-
ciently harvesting light in all the regions of solar spectrum and
transferring energy among different molecular components, to
be used in artificial photosynthetic devices.12 The additional
ability of peridinin to generate triplet states with high yields,6,13

and promptly react with potentially harmful radical species,14

further increases the interest about this molecule and its ana-
logues, since their utilization in artificial devices would allow
the feedback control of the operation of the light absorbing
machinery.

It is now widely accepted that the efficient light harvest-
ing and subsequent energy transfer to chlorophylls in natu-
ral antennas are strongly related to the structural characteris-
tics of peridinin, and, in particular, to the presence of a low-
lying excited state with intramolecular charge transfer (ICT)
character.9,11,15–19 Peridinin is a highly substituted carotenoid,
with an unusually short carbon skeleton (C37 instead of C40)
compared to the majority of carotenoids occurring in photo-
synthetic systems, whose spectroscopic properties are influ-
enced by the presence of carbonyl groups and, possibly, of
other substituents also present in its polyene chain, like an
allene group. The excited state properties of carotenoids are in
fact mainly determined by the structure and functionalization
of their conjugated polyene chain. Their electronic states are
usually classified on the basis of the C2h point group symmetry

0021-9606/2015/142(21)/212409/10/$30.00 142, 212409-1 © 2015 AIP Publishing LLC
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of the all-trans, un-substituted polyene; in this approxima-
tion, both S0 and S1 are Ag

− states, while S2 has Bu
+ symme-

try. The intense green visible absorption observed for carot-
enoids is assigned to the S0 → S2 electronic transition, with
the S0 → S1 transition forbidden by symmetry.19 Numerous
studies have shown that the molecular structure of peridinin
leads to a substantial breaking of the idealized C2h symmetry,
as evidenced by its unusually strong fluorescence compared
to other carotenoids.7,11,20 Furthermore, time resolved inves-
tigations revealed the strong dependence on the solvent po-
larity of the S1 excited state lifetime, which decreases from
160 ps in non-polar media to 10 ps in highly polar solvents
like methanol.7,8,10,16,21 Although it is commonly accepted that
the shortening of peridinin excited state lifetime is ascribable
to the occurrence of the ICT state, the exact electronic nature
and formation mechanism of ICT are still debated.9,10,15,22,23

The presence of the carbonyl group, primarily responsible
for setting up and stabilizing the charge transferred electronic
structure, has a great influence on both the stationary and
transient absorption spectra of peridinin. In the ground state
absorption spectrum, the clear vibronic progression observed
in non-polar solvents is smeared out in polar media, where
the absorption band broadens and shifts to the red.24 As for
the excited state spectral properties, the transient absorption
spectra of peridinin measured in non-polar solvents are domi-
nated by the narrow S1-Sn transition, occurring around 510 nm.
In polar media, new red-shifted broad bands develop, extend-
ing up to 700 nm, whose intensities increase with the polarity of
the solvents. These bands, together with a stimulated emission
band observed at 950 nm, are considered markers for the ICT
state formation.4,9,11,22

Various models have been proposed to explain the exper-
imental data and to account for the nature of the ICT state.
However, it is still unclear whether S1 and ICT are a single elec-
tronic state, often indicated as S1/ICT,10,11,19 or two distinct but
possibly coupled electronic states.8,9 Recently, further insight
on the photophysics of peridinin has been obtained through
the study of a series of peridinin analogues, differing for the
lengths of the polyene chain.18,25 These studies revealed that
the formation of the ICT state is related to the chain length and
is enhanced in short chain analogues; in addition, the amount
of polyene conjugation also regulates the energy difference
between S2 and S1 states. In recent papers,26,27 we analyzed
the deactivation pathway of a different and structurally simpler
carbonyl carotenoid, trans-β-apo-8′-carotenal, by means of
visible pump/Mid-IR probe spectroscopy, transient absorption
spectroscopy, and transient 2DIR spectroscopy. Initial data
were recorded in two solvents with different polarities, the
nonpolar cyclohexane and the slightly polar chloroform, and
the measurements were subsequently extended to a num-
ber of solvents, differing both in polarity and polarizability.
Based on a global analysis of the time resolved data and on
CASPT2/CASSCF (and TD-DFT) quantum chemical calcula-
tions of energies, vibrational frequencies, and possible decay
paths, we proposed a kinetic scheme for the polarity-dependent
relaxation dynamics of this carbonyl carotenoid and investi-
gated the nature of its ICT state. According to our picture,
the major contributor to the ICT state is the bright 1Bu

+ state,
which, in polar solvents, is dynamically stabilized through

molecular distortion and solvent relaxation. Furthermore, we
demonstrated that solvent polarizability has an important role
on the dynamical stabilization of the ICT state.27 The use of
non-linear time-resolved spectroscopic methods in the mid-IR
region and, in particular, of transient two-dimensional infrared
spectroscopy in the excited state (T2D-IR),28 was particularly
informative for the characterization of the dynamics of the ICT
state formation. Based on these previous results, here, we apply
the same methods to peridinin, with the aim of clarifying the
relation between the photophysical properties of carotenoids
and peculiar structural properties, namely, chain length and
nature of substituents. We measured the visible pump/Mid-IR
probe (T1D-IR) spectra of peridinin in cyclohexane and chlo-
roform, using three different excitation wavelengths, 400 nm,
480 nm, and 510 nm (530 nm in chloroform). Furthermore,
we collected non-equilibrium 2D-IR spectra in chloroform
exciting the sample at both 400 nm and 530 nm. Furthermore,
in order to better identify the contribution of C==C stretching
in the excited state IR spectrum of peridinin, we also applied
Femtosecond Stimulated Raman Spectroscopy (FSRS). The
latter technique has been successfully applied to study the
excited state relaxation of β-carotene, allowing the unambigu-
ous assignement of the contribution of the symmetric C==C
stretching of both S2 and S1 states.29 Our experiments reveal
an interesting spectral evolution with striking similarities to
what observed in the case of trans-β-apo-8′-carotenal, and are
highly suggestive of a similar interpretation about the nature
of the ICT state.

II. MATERIALS AND METHODS

A. Sample preparation

Peridinin was extracted from PCP protein.2 Samples for
infrared measurements were prepared by dissolving the mole-
cule in different solvents; the concentration was adjusted for an
optical density of about 0.2 OD for a 50 µm optical path at the
excitation wavelength. To avoid photodegradation, sample was
manipulated under a nitrogen atmosphere in a sealed dry box.
For transient infrared measurements (T1D-IR and T2D-IR),
the sample cell consisted of two CaF2 windows (2 mm thick),
separated by a 50 µm Teflon spacer. For the stimulated Raman
experiments, the sample was held in a 2 mm quartz cuvette. All
the solvents (HPLC purity grade) were purchased from Sigma
Aldrich and used without further purification.

B. Experimental setup

The setup used to record visible pump/Mid-IR probe
spectra (T1D-IR) and transient 2DIR (T2D-IR) spectra was
previously described.30 Briefly, for the T1D-IR experiment, the
output of a Ti:Sapphire regenerative amplifier (Legend Elite,
Coherent), operating at 800 nm, at 1 kHz of repetition rate
and with <50 fs pulse duration, was split to pump a home-
built two-stage optical parametric amplifier (OPA) equipped
with a difference frequency generator and a commercial optical
parametric amplifier (TOPAS, Light Conversion). The first was
used to generate broad (∼200 cm−1) mid-IR probe pulses in the
5-7 µm region and the second to generate the visible excitation
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pulses by frequency mixing the signal output of TOPAS with
the residual fundamental at 800 nm in a BBO crystal. The
excitation wavelength generated with the TOPAS was set at
480 nm, 510 nm, and 530 nm in the different experiments
performed. The visible pump pulses were attenuated to provide
100-200 nJ at the sample and focused to a spot of ∼150 µm in
diameter. A moveable delay line made it possible to control
the time-of-arrival-difference of the pump and probe beams up
to 1.8 ns. The pump-probe relative polarization was set to the
magic angle by means of a λ/2 plate; the measurements were
taken in two partially overlapping spectral windows, covering
the spectral region 1450-1800 cm−1.

We collected the 2D-IR spectra in the dynamic hole-
burning configuration. In this scheme, the frequency of the
narrow-band pump pulse is scanned throughout the spectral
region of interest: it determines one of the frequency axes (the
pump axis). The broad-band probe pulse, once the frequency
is dispersed by a monochromator placed after the sample,
provides the second frequency axis (the probe axis), thus
generating the two-dimensional spectral map.31 Narrow band
infrared pump pulses were obtained by passing the output
of the TOPAS OPA through a Fabry-Perot element, which
provides pulses with a spectral width of about 15 cm−1. In
the non-equilibrium extension of the 2D-IR measurement, an
additional visible pump pulse, centered at 400 or 530 nm,
prepares the system in the S2 electronically excited state. By
scanning the tvis time delay between the visible and infrared
pump pulses (see Scheme 1 for the pulse sequence employed),
it is possible to collect 2D-IR snap-shots of the system while
the electronic excited state relaxes.

All-parallel polarization geometry was adopted both for
ground state equilibrium 2D-IR spectra and for excited state
non-equilibrium T2D-IR experiments. The sample was moved
with a homebuilt scanner to refresh the solution and avoid
photodegradation. A fraction of the probe pulse was split off
before the sample and was used as a reference. After the
sample, both probe and reference were spectrally dispersed
in a spectrometer (TRIAX 180, HORIBA JobinYvon) and
imaged separately on a 32 channels double array HgCdTe
(MCT) detector (InfraRed Associated Inc., Florida, USA) with
a sampling resolution of 6 cm−1.

For FSRS39 measurements, the 800 nm fundamental was
split to generate three beams: (i) the actinic pump at 400 nm,
obtained by frequency doubling the fundamental in a type
I BBO crystal, with <100 fs pulse duration; (ii) the Raman
pump at 800 nm, narrowed to 1-2 nm bandwidth by a 4f
grating compressor with a mask in the Fourier plane; and
(iii) the super-continuum probe, generated by focusing the
fundamental in a sapphire plate. A fourth beam, obtained by

SCHEME 1. Pulse sequence used to record the T2D-IR spectra.

splitting the probe beam, acted as a reference beam. The actinic
and Raman pump powers were adjusted to provide 100 nJ at
400 nm and 2 µJ at 800 nm at the sample. The three beams were
focused in a 80 µm spot by a spherical mirror placed before
the sample. Finally, the probe beam was spatially selected and
sent, together with the reference beam, to a 25 cm Jobin Yvon
monochromator (HR 250), equipped with a homemade CCD
signal analyzer, based on a S8380-512Q double array from
Hamamatsu.

All measurements were performed at room temperature.
The integrity of the sample was checked by FTIR (Bruker
Alpha-T) and visible absorption (Perkin Elmer LAMBDA
950) before and after the time resolved measurements.

Transient infrared data were analyzed by applying a global
analysis procedure,32 using a sequential decay scheme with
increasing lifetimes and employing the software packaging
GLOTARAN.33

III. RESULTS

A. Ground state FTIR and Raman spectra

The vibrational spectra of peridinin in different solvents
have been reported and discussed by several authors.17–20 The
molecular structure is sketched in Figure 1.

In Figure 2, we report the FTIR spectrum of peridinin
measured in methanol (where the solubility is higher) and
the stimulated Raman spectra recorded in cyclohexane and
chloroform.

Several bands can be distinguished and assigned to the
specific vibrations of the different substituents. In agreement
with the previous reports, in the FTIR spectrum, we distin-
guish two bands in the carbonyl stretching region at 1738
and 1756 cm−1. A single band at 1743 cm−1 is observed in
the Raman spectrum in chloroform and, possibly, in cyclo-
hexane: in the latter solvent, the noise is much higher, due
to the low solubility of the molecule. Peridinin contains two
carbonyl groups: the lactone C==O, strongly conjugated with
the polyene chain, and the more isolated ester C==O. The
stretching vibrations of both groups are expected to appear in
the 1680-1760 cm−1 spectral region. Assignments have been
proposed in the literature, also based on quantum chemical
computations.34,35 Vanishing intensity is expected for the ester
C==O in the Raman spectrum, while it should be visible in
the FTIR spectrum; detectable Raman activity is predicted for
the lactonic C==O because of the conjugation with the polyene
chain.

In a recent paper,35 Kish et al. reported on the presence
of doublets in the carbonyl region of the Raman spectrum
of peridinin in methanol and other solvents (acetonitrile and
cyclohexane). While the presence of a doublet in methanol
could be interpreted as arising from distinct populations of
H-bonded and non H-bonded molecules, this explanation is
not valid in case of aprotic solvents. In Ref. 35, the presence
of two peaks in the Raman spectrum around 1770 cm−1 in
non-protic media was attributed to the lactone C==O, which
splits by effect of the Fermi resonance with the overtone of the
CH wagging mode of the lactone ring. In the FTIR spectrum
registered in methanol and reported in Figure 2, the observed
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FIG. 1. Structure of peridinin.

doublet could be either due to the coexistence of H-bonded
and non H-bonded populations of the lactone C==O or due to
the quasi coincident vibrations of the ester and lactone C==O
groups. Measurements of 2DIR spectra in protic and non-
protic solvents are in progress to clarify this point.

At lower frequencies, in the 1600-1400 cm−1 region,
absorption of C==C stretching modes is expected, and accord-
ingly, several bands are observed both in the FTIR and Ra-
man spectra, which can be assigned to normal modes of the
polyene chain. In particular, an intense band is observed in
the Raman spectrum, peaked at 1516 cm−1 in chloroform and
at 1534 cm−1 in cyclohexane, which is commonly attributed
to a symmetric C==C stretching mode.35 A similar band has
been reported also for other carotenoids and polyenes.36,37

This band is also observed in the FTIR spectrum, although
with lower intensity, together with another weak absorption
at 1611 cm−1 in chloroform, which can also be attributed

FIG. 2. (a) Stimulated Raman spectrum of peridinin measured in cyclo-
hexane (black line) and chloroform (red line). The lower panel highlights
the weak bands observed in the 1600-2000 cm−1 region. Bands at 1266
and 1444 cm−1 are due to cyclohexane and (b) FTIR spectrum of peridinin
registered in methanol.

to a chain mode. At lower frequency, where contributions
due to chain bending or C—C stretching are expected, a low
intensity band appears in the Raman spectrum at 1330 cm−1 in
chloroform (1319 cm−1 in cyclohexane); in the same spectral
region, a relatively more intense absorption is present in the
FTIR at 1390 cm−1, possibly due to a mode of the same nature.
Finally, the Raman peak at ca. 1934 cm−1 (also distinguishable
in the FTIR spectrum) is assigned to the allene stretching
vibration.34

B. Transient infrared measurements

Transient infrared spectra were collected in the 1450-
1800 cm−1 region. Different excitation wavelengths were used:
400 nm, on the blue side of the static absorption spectrum of
peridinin; 480 nm, close to the maximum of the absorption
peak; and 515-530 nm, on the red side of the absorption band.
As already noticed, the character of the ICT state strongly
depends on the ambient polarity; to get a better insight of its
formation dynamics and evolution, we repeated the measure-
ments in two solvents: the non-polar cyclohexane and the
slightly polar chloroform.27 Representative transient spectra at
different pump-probe delays for all the excitation wavelengths
are reported in Figure 3.

Visual inspection of the spectra shows notable differences
between the two solutions. The spectra recorded in cyclo-
hexane are dominated by two positive bands in the 1700-
1800 cm−1 region. The most intense excited state absorption

FIG. 3. Normalized transient infrared spectra recorded in cyclohexane and
chloroform after 400 nm excitation, (top panel), 480 nm excitation (interme-
diate panel), and 515 nm excitation (lower panel). The absorption spectrum
of peridinin in cyclohexane and chloroform is reported in the inset.
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FIG. 4. Normalized kinetic traces recorded at 1630 cm−1 (left panel) and 1660 cm−1 (right panel) after exciting the sample at 400, 480, and 530 nm in chloroform.
Experimental data are shown as scattered points; the fit obtained by global analysis is shown as a continuous line.

peak is at 1705 cm−1 and the second intense band is at
1743 cm−1. At lower frequency, bands are much less intense.
At all the excitation wavelengths, spectral evolution is limited
and negative signals due to ground state depletion are barely
detectable over the positive signals due to excited states ab-
sorption. In chloroform, bands are much broader and three
major excited state absorptions can be distinguished, peaking,
respectively, at 1533 cm−1, 1630 cm−1, and 1720 cm−1. In this
solvent, the excitation wavelength effect is evident on both
spectral shape and dynamics. When the sample is excited at
400 nm, the band peaked at 1630 cm−1 is initially very broad,
and presents a shoulder on its blue side, at 1660 cm−1. At longer
pump-probe delay, the intensity of the shoulder decreases,
and the band both sharpens and red shifts.

The band measured at 1630 cm−1 upon 400 nm excitation
moves to 1620 cm−1 when the sample is excited at 530 nm.
Furthermore, the evolution of the band shape observed when
the sample is excited on the blue side of its absorption is
missing when the excitation is set on its red side. The kinetic
behavior of the intensities of the band at 1630 cm−1 and its high
frequency shoulder at 1660 cm−1 in chloroform is shown in
Figure 4, as a function of the excitation wavelength. In the same
figure, the fit obtained by applying a global analysis procedure
is also shown. The 1630 cm−1 trace rises much more slowly
when the sample is excited at 400 and 480 nm, relatively to
what happens when the excitation is at 530 nm.

To investigate the relaxation dynamics in the two solvents,
we globally analyzed the time-resolved spectra imposing a
sequential decay scheme with increasing lifetimes. A singu-
lar value decomposition (SVD) procedure38 isolated at least
three components to satisfactorly fit the data. The evolution-
associated decay spectra (EADS) obtained from global anal-
ysis are reported in Figure 5.

In both solvents, the first decay component, with a lifetime
of 100-200 fs, can be assigned to the decay of the initially
excited S2 state. The subsequent evolution, occurring in 3-
5 ps, is associated with different spectral changes in the two
solvents. Finally, the longer lifetime extracted from the fit
corresponds to the recovery of the ground state. The associated
kinetics reflect the well-known dependence of the peridinin
excited state lifetime on the solvent polarity: in agreement
with previous reports,10,19 we find, upon 400 nm excitation,

a lifetime of about 160 ps in cyclohexane and of 70 ps in
chloroform. Moving the excitation wavelength towards the red
has the effect of slightly shortening the excited state lifetime in
both the solvents.

In cyclohexane, within the instrumental time resolution, a
broad absorption develops on the high frequency side (peaking
at about 1700-1710 cm−1); this feature is mostly evident when
the sample is excited at 400 nm (see first EADS, black line in
Figure 5). The high frequency band around 1710 cm−1 slightly
blue-shifts, gains intensity, and narrows on a sub-ps timescale
(second EADS in Figure 5). Finally, on a 3-4 ps timescale,
a further blue shift and narrowing of the excited state bands
is observed. The spectral evolution is almost independent on
the excitation wavelength, except for a slight shortening of the
long lifetime component, which decreases from 163 ps, when
the excitation is at 400 nm, to 149 ps, when the excitation
is at 530 nm. Based on these observations, the excited state
dynamics of peridinin in non-polar media can be safely inter-
preted in the frame of the well-known excited decay scheme
generally applied for carotenoids not containing any carbonyl
function. The fastest process (black-red evolution in Figure 5)
represents the decay of the initially excited state S2 into the

FIG. 5. EADS obtained by global analysis in cyclohexane (left panel) and
chloroform (right panel) at three excitation wavelengths: 400 nm (top),
480 nm (intermediate layer), and 530 nm (bottom).
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low-lying S1 excited state. Population of S1 is signaled by the
rise of the narrow excited state bands located at 1710 and
1740 cm−1. The following evolution, occurring on a few ps time
scale, can be interpreted as vibrational cooling in S1, while the
long-time evolution represents the decay of S1 and the recovery
of the ground state.

The excited state decay in chloroform is more complex
than in cyclohexane. As shown in Fig. 5, significant spectral
and dynamical differences are observed on varying the exci-
tation wavelength. Clear bleaching signals are not visible in
any EADS, although dips in the overall positive signal can
be noticed both in the 1760-1780 cm−1 region and around
1550 cm−1. According to the assignment of the FTIR spectrum
reported in Figure 2, the high frequency dips correspond to
ground state carbonyl vibrations, while that at lower frequency
pertains to a chain stretching mode. Two broad excited state
absorption bands at 1620 and 1720 cm−1 are observed, besides
another broad absorption band at lower frequency. In about
150 fs, we observed a 15 cm−1 shift towards higher frequencies
of the 1620 cm−1 band and the development of a shoulder on its
blue side, at 1660 cm−1 (see second EADS in chloroform, exci-
tation at 400 nm). Furthermore, the absorption at 1525 cm−1

increases in intensity. Finally, on a 5 ps timescale, the broad
1630-1660 cm−1 band blue shifts and becomes significantly
sharper, losing intensity on the 1660 cm−1 side. Ground state
recovery is faster than in cyclohexane and occurs on a 70 ps
timescale.

When the visible excitation is at lower frequency, this
spectral evolution is less evident, even in chloroform. Follow-
ing 530 nm excitation, the excited state absorption bands are
significantly narrower. In particular, the spectral evolution
in the 1630-1660 cm−1 region is absent, and only minor
band shifts occur. The 1660 cm−1 shoulder is not evident,
and already on the short timescale, the spectral shape in the
1630 cm−1 region is similar to that observed on a long timescale
after 400 nm excitation. The ground state recovery is slightly
faster. The effect of the excitation wavelength on the band
shapes observed in chloroform at short pump-probe delays is
shown in Figure 6, where the time resolved spectra, measured

FIG. 6. Normalized transient infrared spectra of peridinin in chloroform
recorded at 1 ps pump-probe delay after exciting the sample at 400 nm (black
line), 480 nm (red line), and 530 nm (blue line).

at 400, 480, and 530 nm excitation at the pump-probe delay of
1 ps, are compared.

C. Femtosecond stimulated Raman spectrum

To gain further insights about the shifts of the vibra-
tional modes in peridinin upon photoexcitation, we measured
the FSRS spectrum of the molecule in cyclohexane, using
an actinic pump centered at 400 nm and a Raman pump at
800 nm. The spectrum registered 10 ps after actinic excitation
is reported in Figure 7 and compared with the ground state
Raman spectrum of peridinin.

The most striking difference between the Raman spectra
in the excited and ground states is the appearance, following
the excitation at 400 nm, of two positive peaks at ca. 1700
and 1750 cm−1. Their frequencies almost coincide with those
of the bands observed in the excited state T1D-IR spectrum
(1710 and 1740 cm−1) in cyclohexane. Since the spectrum
refers to a delay of 10 ps, the observed excited state bands
can be attributed to the S1 state. We tentatively assign the two
bands to the symmetric C==C stretching (1700 cm−1), which,
according to previous measurements on different carotenoids
and polyenes, upshifts upon excitation,26,39 and to the lactone
C==O (1750 cm−1), whose vibration acquires some Raman
activity because of the conjugation with the polyene chain, and
is expected to downshift in the excited state.34

The strong negative peaks in the Raman spectrum in
Fig. 7 correspond to ground state vibrations (those at 1270 and
1450 cm−1 are solvent bands).

We performed the FSRS experiment also in chloroform,
but in this case, the excited state bands could not be clearly
resolved. It is possible that in the polar solvent, the excited state
energy changes enough to move the resonance far from the
800 nm Raman pump, so that the pre-resonance amplification
effect is canceled and the Raman activity becomes negligibly
small.

FIG. 7. Stimulated Raman spectrum of peridinin in cyclohexane registered
10 ps after the excitation at 400 nm (red line). The ground state spectrum
is reported on top for comparison (black dashed line). Excited state Raman
bands are evident at 1700 and 1750 cm−1. The two bands at 1270 and
1450 cm−1 are solvent bands.
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FIG. 8. Transient 2D-IR spectra measured for peridinin at 400 nm excitation in chloroform. Spectra registered at different Vispump-IRprobe delays are reported.
For all spectra, the IRpump-IRprobe delay is 500 fs. The corresponding 1D Vispump-IRprobe spectra are shown as a black line on top of each 2D map. The diagonal
peaks at 1630 and 1660 cm−1 are marked with an asterisk in the left panel.

D. Transient 2D infrared measurements

The spectral evolution observed in chloroform when the
excitation is set on the blue side of the peridinin absorption
band could indicate that multiple peaks are hidden under the
broad envelope observed in the 1630-1660 cm−1 region. To
disentangle the contribution of different bands, we measured
the 2D-IR spectra of the excited state (T2D-IR) in chloroform,
exciting the sample at both 400 nm and at 530 nm. In the
case of all-trans-β-apo-8′-carotenal, we showed that the anal-
ysis of non-equilibrium 2D-IR spectra can reveal interesting
information on the molecular excited state evolution.26 In fact,
the narrow band infrared pump pulses used to measure two-
dimensional pump-probe spectra, unveil multiple bands, often
hidden under broad envelopes in the linear spectra. Figure 8
shows the T2D-IR maps recorded for peridinin in chloroform,
upon 400 nm visible excitation, at four different Vispump/IRprobe
delays and at the fixed IRpump/IRprobe delay of 500 fs.

Our transient 2D measurements clearly show that two
bands underlie the broad absorption in the 1620-1670 cm−1

region: two diagonal negative peaks at ca. 1630 and 1660 cm−1

are resolved in this spectral region. The kinetic traces reported
in Figure 9 show that the two negative peaks grow in a few pico-

FIG. 9. Kinetic traces of the diagonal negative bands peaking at 1630 and
1660 cm−1 registered with selective IRpump excitation.

second time scale, and that the rise time of the low frequency
component at 1630 cm−1 is markedly slower.

The experimental evidence provided by the transient 2D
spectra provides substantial confirmation that the time evolu-
tion observed in the 1D infrared transient spectra for the broad
band in the 1630-1660 cm−1 region (see previous paragraph)
arises from the presence of two underlying components show-
ing a different rise time. Those two transitions can be separated
in the 2D experiment, since they are now excited selectively
and independently.

When the measurement is repeated by exciting the sample
at 530 nm, a single broad peak is observed in the 1630 cm−1

region on the diagonal, similar to that observed, in the same
conditions, in the linear transient spectra, where an appre-
ciable but minor spectral evolution was observed. The 2D maps
in Figure 10 also show that the dynamic evolution of this
1630 cm−1 peak is limited. In Figure 10, the linear T1D-IR
spectra are shown for comparison on top of the 2D maps for
corresponding Vispump/IRprobe delays.

IV. DISCUSSION

The results reported in this work show that non-linear
vibrational spectroscopy can be particularly informative about
the complex excited state evolution in peridinin. In particular,
the application of T2D-IR resolves the presence of additional
bands that are hidden under broad envelopes in the T1D-IR
spectra. Our measurements show that the excited state evolu-
tion of peridinin changes remarkably when dissolved in non-
polar and in polar media and as a function of the excitation
wavelength.

To discuss the solvent and wavelength effects on the
excited state relaxation pathway and on the role and nature
of the ICT state in peridinin, we provide an assignment of the
vibrational excited state spectrum, based on our measurements
and on previous results.

Infrared band shifts upon excitation depend on the elect-
ron density redistribution in the excited states. In the T1D-
IR spectra reported in our work, several vibrational bands of
peridinin in the excited state were observed in the spectral
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FIG. 10. Transient 2D-IR spectra mea-
sured for peridinin at 530 nm ex-
citation in chloroform. Spectra regis-
tered at different Vispump-IRprobe de-
lays are reported. For all spectra, the
IRpump-IRprobe delay is 500 fs. The cor-
responding 1D Vispump-IRprobe spectra
are shown as a black line on top of
each 2D map. The diagonal peak at
1630 cm−1 is marked with an asterisk.

window 1450-1800 cm−1, the most informative region being
that between 1600 and 1800 cm−1. In cyclohexane, two intense
transitions appear, with peaks at 1705 and 1743 cm−1. Similar
bands are observed in chloroform, although these are much
broader and shifted to lower frequencies (1630 and 1715 cm−1).
The assignment of the excited state infrared transitions of
peridinin is not completely clear. Femtosecond time resolved
infrared spectra were previously recorded for peridinin40 and
several band assignments have been proposed based on quan-
tum chemical calculations.35 Recently, we measured the T1D-
IR and T2D-IR spectra of all-trans-β-apo-8′-carotenal26,27 and
proposed an assignment for the excited state bands in the 1600-
1800 cm−1 region based on quantum chemical calculations
and on transient Raman spectra.36,39,41 It is expected that in
peridinin, as well as in other polar carotenoids, the vibrational
modes mostly contributing to the excited state absorption in
the 1600-1800 cm−1 region arise from carbonyl groups and
polyene chain vibrations. It is known that the symmetric C==C
stretching (the ν1 vibration) of linear polyenes and carotenoids
undergoes significant upshift in the excited state by vibronic
coupling of S0, S1, and S2.36,42 In all-trans-β-apo-8′-carotenal,
this mode has been observed to shift from 1530 cm−1 in S0 to
∼1700 cm−1 in S1 in non-polar solvents.26,27,41 In peridinin, due
to its reduced molecular symmetry, the shift is expected to be
smaller.36 The extent of this shift mostly depends on the sym-
metry of the carotenoid structure, which regulates the vibronic
coupling between S1(2Ag

−) and S2(1Bu
+) states through the ag

−

C==C stretching mode.36 Since the symmetric C==C stretching
is a Raman active vibration, the corresponding band in the
excited state is observable in time-resolved FSRS spectra, as
shown for all-trans-β-apo-8′-carotenal41 and β-carotene.43 As
we noticed in Sec. III C, in the FSRS spectra of peridinin
in cyclohexane, we distinguish two excited state vibrational
bands, peaking at 1700 and 1750 cm−1, whose position almost
coincides with the two bands observed in the excited state IR
spectrum in the same solvent (see Figures 2 and 7).

The T1D-IR spectra in chloroform show, in case of 400 nm
excitation, a dynamic evolution of the excited state absorption
band peaking at 1630 cm−1 with a pronounced shoulder at
1660 cm−1, which closely resembles the behavior previously
reported for the ∼1680 cm−1 band in the T1D-IR spectra of all-
trans-β-apo-8′-carotenal in the same solvent. In that case, the
band was assigned to the excited state C==C stretching mode.26

Based on this analogy, we tentatively assign the 1630 cm−1

band of peridinin to the C==C ν1 mode and the 1720 cm−1 band
to a carbonyl mode; the corresponding frequencies in cyclo-
hexane are 1715 cm−1 for the C==C stretching and 1740 cm−1

for the C==O stretching. This assignment is supported by the
appearance, in the FSRS spectrum of peridinin dissolved in
cyclohexane, of the two excited state bands (see Figure 7) in
the same spectral region.

Having assigned the most important excited state modes,
we can now interpret the spectral evolution in the IR region and
extract information on the nature of the charge transfer state in
peridinin.

The T1D-IR spectra recorded in cyclohexane showed
limited evolution, except at very short time delays, when the
spectral dynamics signals the rise of the S1 population from the
initially excited S2 state. Any spectral change registered at later
times (t > 1 ps) can be safely interpreted in terms of vibrational
cooling on the S1 potential energy surface. In principle, the
excited state decay path of peridinin in cyclohexane could be
explained by considering only three excited states, S0, S1, and
S2, without involving the formation of an ICT state. How-
ever, the wavelength dependence of the excited state lifetime
observed when moving the excitation wavelength towards the
red suggests that an ICT state could be formed even in non-
polar media, although with low yields.

In chloroform, we observe a significantly different evolu-
tion, particularly evident when the sample is excited at 400 nm.
Here, the excited state C==C stretching band initially upshifts
on a few hundreds femtosecond timescale (evolution from the
black to red EADS in Figure 5). Then, on a few ps timescale,
the red side of the band grows in intensity (see the increased
intensity at 1630 cm−1 in the blue EADS in Figure 5 and the
kinetics reported in Figures 4 and 9). A very similar spec-
tral evolution was recently observed in the T1D-IR spectra
measured for the all-trans-β-apo-8′-carotenal in chloroform
and several other solvents.26,27 Furthermore, in chloroform,
spectral evolution depends on the excitation wavelength: by
exciting the sample on the red-tail of its absorption, bands in
the T1D-IR spectrum become narrower and the evolution of
the C==C band observed upon 400 nm excitation is almost
absent. This observation alone would suggest that two different
excited states are involved in the photodynamics, one selec-
tively excited with a red-most pump.

Further confirmation comes from the measure of 2D-IR
spectra of peridinin in the excited state. Here, we are able to
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clearly distinguish two diagonal bands, respectively, peaking
at 1630 and 1660 cm−1 which are partially hidden under the
broad envelope recorded in the T1D-IR spectra (see Fig. 8).
The lower frequency band rises slower than the higher fre-
quency one, as shown by the kinetic traces reported in Figure 9.
Even more interestingly, no trace of cross peaks coupling the
two diagonal peaks appears in the 2D spectra. This is a clear
indication that the two components at 1630 and 1660 cm−1

originate from different molecular states. By analogy with the
interpretation proposed for all-trans-β-apo-8′-carotenal, which
was also supported by an extensive theoretical analysis,26 we
believe that the two sub-bands resolved in the 2D maps corre-
spond to the C==C stretching in the ICT (1630 cm−1) and S1
(1660 cm−1) states, respectively. The time evolution of the two
components is also in line with that observed in the case of
all-trans-β-apo-8′-carotenal, where the lower frequency peak,
measured in chloroform at 1680 cm−1 and assigned to the ICT
state, shows a slower rise component than the higher frequency
band at 1710 cm−1, assigned to S1.

It remains to clarify the nature of the ICT state and the
mechanism determining its formation and population follow-
ing light absorption in polar solvents. In case of all-trans-β-
apo-8′-carotenal, we proposed that the major contributor to the
ICT state is the bright 1Bu

+ state, which is repopulated on a few
picosecond timescale with a mechanism involving a molecular
distortion. This interpretation was based both on the exper-
imental results and on a theoretical MS-CASPT2//CASSCF
analysis of the ground and excited state energy minima and
profiles of the energy surfaces.

Recently, it has been shown that in case of peridinin, subtle
geometrical variations can significantly alter the nature, ener-
gies, and electronic properties of the excited states, modifying
the 2Ag

−/1Bu
+ degree of mixing and, consequently, the ratio

between covalent and ionic contributions to the excited state
wavefunctions.44 The structural parameter mainly influenc-
ing the properties of the low-lying excited states is the bond
length alternation (BLA). The theoretical analysis reported in
Ref. 44 showed that the variations in the BLA significantly
influenced the transition oscillator strength, the ratio of single
and double excitation character, and the dipole moment of
the S1 and S2 excited states. Small BLA values correspond
to an overall delocalized charge on all the conjugated chain.
Geometrical distortions determine an increase of the BLA,
which corresponds to a less conjugated molecular form, with
single and double bond characters becoming more localized.
Furthermore, Knecht et al.44 demonstrated that S1 gains more
ionic character as BLA increases, while, on the contrary, S2
gains more doubly excited (i.e., covalent) character when the
electronic energy gap between the first two low-lying excited
states gets smaller as a consequence of their increasingly mixed
nature. Slightly distorted peridinin molecules, with the electro-
negative C==O group more isolated from the conjugated chain,
are likely to be stabilized in polar solvents. Thus, polar environ-
ments can stabilize conformations with increased BLA, which
would suggest that the formation of ICT in peridinin follows
a very similar mechanism to the one proposed for all-trans-β-
apo-8′-carotenal.26

The idea that the electronic relaxation in peridinin is asso-
ciated with structural deformations has already been proposed

in the literature, based on the results of visible pump-probe and
pump-dump-probe spectroscopy.9,10 In their studies, Papagian-
nakis et al.9 isolated a ground state intermediate upon dumping
the population of the excited state of peridinin, which might
represent a distorted molecular structure generated during the
relaxation of the photoexcited molecule in polar solvents. Our
infrared studies support and further strengthen this interpreta-
tion: the observation of different frequencies associated with
the same molecular vibration, namely, the C==C stretching
in the excited state, is a direct evidence of a conformational
variation of the molecule. Also, the occurrence of conforma-
tional changes allows to rationalize the effect of the excita-
tion wavelength on the peridinin’s photodynamics reported in
our work, which has also been previously documented.10 Our
measurements and previous visible pump-probe experiments
agree in suggesting that excitation of peridinin on the red-tail
of its absorption populates a higher amount of the ICT state.
This observation can be likely explained assuming that, when
the excitation is at wavelengths larger than 500 nm, a sub-
population of distorted red-absorbing molecules is excited.
These distorted molecules would make a major contribution of
directly excited forms to the ICT population and would explain
the minor spectral evolution observed in this case.

V. CONCLUSIONS

Our time-resolved experimental results on peridinin point
out characteristic aspects of its behavior in the excited state,
which appear to be common to other carbonyl carotenoids
and reveal that other chain substituents, such as the allene
group, have a minor influence on its photodynamics. All our
measurements confirm the main points of the scenario that we
recently proposed for trans-β-apo-8′-carotenal. This common
behavior could not be expected a priori, given the relevant
structural difference between these two molecules, which is
particularly evident in the highly substituted polyene chain
of peridinin. From our study, it appears that the excited state
evolution of peridinin and the formation of the ICT state
are driven by structural relaxation processes occurring upon
photo-excitation. Soon after the direct population of the S2
excited state, induced by green light absorption, molecular
relaxation and solvent dynamics drive the excited state pop-
ulation far from the Frank Condon region, determining a
mixing of covalent and ionic characters in the excited state
wavefunction. Even slight molecular distortions produce an
increase of the bond length alternation and consequently of
the ionic character of the low lying excited state. Polar solvent
relaxation stabilizes these distorted structures, thus determin-
ing the appearance of marker bands characteristic of the ICT
state in the transient spectra. Also the observed dependence
of the excited state evolution on the excitation wavelength is
consistent with a dynamics on the excited state potential energy
surface that mostly takes place far from the Franck Condon
region.
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