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Spectroscopic and Dynamic Properties of the Peridinin Lowest Singlet Excited States

1. Introduction

Carotenoids play a number of roles in living organisms. In
addition to their well-known function as light-harvesting pig-
ments in photosyntheslghey are important components of the
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Spectroscopic properties as well as excited state dynamics of the carotenoid peridinin in several solvents of
different polarities were investigated by time-resolved fluorescence and transient absorption techniques. A
strong dependence of the peridinin lowest excited states dynamics on solvent polarity was observed after
excitation into the strongly allowed,State. Peridinin relaxes to the ground state within 10 ps in the strongly
polar solvent methanol, while in the nonpolar solveitiexane a 160 ps lifetime was observed, thus confirming

the previous observations revealed by transient absorption spectroscopy in the visible region (Bautista, J. A.;
et al. J. Phys. Chem. B999 103 8751). In addition, the solvent dependence in the near-IR region is
demonstrated by a strong negative feature in the transient absorption spectrum of peridinin in methanol,
which is not present im-hexane. This band, characterizegl & 1 psrise time, is ascribed to stimulated
emission from an intramolecular charge-transfer (ICT) state. Time-resolved fluorescence data support
assignment of this band to the emissive singlet state, whose dynamic characteristics depend strongly on the
dielectric strength of the medium. On the basis of all our time-resolved measurements combined with
simulations of the observed kinetics, we propose the following model: the initially populastdt& decays

to the S state within less than 100 fs for both solvents. Then, the population is transferred fromstateS

to the S and ICT states. The,;S— ICT transfer is controlled by a solvent polarity dependent barrier. In
n-hexane the barrier is high enough to prevent the-3CT transfer and only 5— S relaxation characterized

by a time constant of 160 ps is observed. An increase of solvent polarity leads to a significant decrease of the
barrier, enabling a direct quenching of thestate by means of the, S> ICT transfer, which is characterized

by a time constant of 148 ps for tetrahydrofuran, 81 ps for 2-propanol, and 11 ps for the most polar solvent
methanol. The ICT state is then rapidly depopulated to the ground state. This relaxation also exhibits solvent
dependence, having a time constant of 1 ps in methanol, 2.5 ps in 2-propanol, and 3.5 ps in tetrahydrofuran.

the following scheme: after excitation of a carotenoid to s S
state (1B"), a fast relaxation to the,State (24~) occurs on

a time scale of 58300 fs810 Subsequently, the carotenoid
relaxes to its ground state 8ue to vibronic coupling between

photoprotection mechanism in plaftnd are antioxidants that ~ the $ and § states' on the time scale of $300 ps:* There is
prevent damage to various physiological systems by quenching@ clear correlation between the I8etime and the conjugation
triplet states and radicalsThe key energetic feature of length of carotenoids: as the conjugation length increases, the

carotenoids is an atypical order of energy levels, making the energy gap between the &d § state becomes smaller, thereby
transition to the lowest energy state optically forbidden. Because making the $lifetime shorter. Because of the negligibly small

the conjugated chain of the carotenoid molecule @aspoint dipole moment of the Sstate, it was generally believed that
symmetry, a transition between the gAstate (ground state, the lifetime of the $ state demonstrates very little solvent
S) and the 1B* (S,) state is allowed, while the 1A — 2Ag~ dependence.

(So — Sy) transition is forbidden for one-photon proces&es. Peridinin is a highly substituted carotenoid occurring in some

However, as shown for the first time three decades ago for shortginofiagellates, where it is the principle carotenoid of both the

polyenes;’ due to strong electron correlatiorll the ZAstate membrane bound light harvesting protein and the water-soluble
has actually a lower energy than the LBstate; thus it is the  jight-harvesting peridinirchlorophyli-protein (PCP). The
transition to the lowest energy state that is forbidden. Indeed, g\ cture of the PCP complex frommphidinium carterae

the 1Ay~ — 1B, transition accounts for the strong absorption which has been resolved to 2.0 A b
. ) e . y X-ray crystallography,
in the spectral region 468650 nm characteristic of carotenoitls. xhibits an exceptional stoichiometry: 8 peridinins and 2

Studies of dynamics of carotenoid excited states have establishe hlorophyll a (Chl-a). Peridinin, as shown in Figure 1 has a

T This work was presented at the PP2000 in Costa do Estoril, Portugal, _C37 carbon Skele_ton (rather thah the usual C40 _SyStem found
honoring Professor Ralph Becker's contributions. in most carotenoids) together with an allene moiety, lactone
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Spectroscopic Properties of Peridinin

Figure 1. Molecular structure of peridinin.

Early work on peridinin demonstrated that its structure leads
to breaking of the idealize@,, symmetry, resulting in relatively
strong fluorescence from the Staté® and established a rather
long S lifetime of 103 ps when measured in carbon disulfiéle.
However, three recent studies of peridinin dissolved in various
solvents of different polarity by Frank and co-workird®
showed a clear dependence of the peridinifif§time on the
solvent polarity. They also reported peridinin transient absorp-
tion spectra takenta 5 psdelay time in the region from 500
to 750 nm in solvents with different polarity.The transient
absorption spectrum of peridinin in-hexane possesses two
spectral bands: one located-e510 nm and another at660
nm, while in methanol only one broad band-a590 nm is
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excited state of carotenoids and monitor its dynamics by
scanning the S5— S, excited state absorption in the near-infrared
region? Together with time-resolved fluorescence measure-
ments these results enabled us to assemble a more complete
picture of the peridinin excited state dynamics, which will be
discussed in detail.

2. Experimental Section

Sample Preparation.Pigments were extracted from washed
thylakoid membranes ofA. carterae by the procedure of
Martinson and Plumlé¥ except that 1-butanol was used in place
of 2-butanol. Peridinin was separated by HPLC on a C18
Econosil column 250< 10 mm (Alltech) using a two-solvent
gradient. Solvent A was 50% water/25% methanol/25% aceto-
nitrile and solvent B was 50% methanol/50% acetonitrile. The
column was equilibrated with 80% B. The sample was applied
at a flow rate of 1.5 mL/min, this flow rate was held for 5 min,
and then B was gradually increased to 99% over 20 min; the
flow rate was then increased to 3 mL/min until Ghkluted.
The eluent was monitored at 440 nm, and the fractions

present. They attributed the absorption bands at 510 and geocontaining peridinin were dried under vacuum in darkness and

nm in n-hexane to the S— S, transition and to the transition
from an additional low-lying state to somg State, respectively.

stored at—20 °C. Chl-c emerged close to the void volume and
characteristic retention times were peridinin 17.4 min, diadi-

The band observed at 590 nm in methanol was ascribed solelynoxanthin 23.8 min, and Cfal-39.8 min.

to the transition from the new state to the<$ate. By comparing

Before the experiments, peridinin samples were dissolved in

with time-resolved studies on other molecules, a model was different solvents to yield an optical density 0.1 OD at the

proposed in which the presence of a new state with charge-

excitation wavelength for the streak-camera measuremeats,

transfer (CT) character in the excited state manifold plays a OD for the fluorescence upconversion, ar.3 OD for the
crucial role in po|ar solvents. The CT state was suggested to transient absorptlon measurements. All measurements were

lie below the $ state of peridinin, resulting in quenching of
the S state and hence to a shortarli®time in polar solvents.

performed n a 2 mmoptical path length glass cuvette at 293
K. Solvents used were-hexane, methanol, tetrahydrofuran,

Initially, the CT state was ascribed to the presence of the lactonediethyl ether, and 2-propanol, all obtained from Merck, and
ring,25 but a subsequent study of other carotenoids showed acarbon disulfide was from AnalaR.

similar (but less pronounced) behavior for fucoxanthin, which

Time-Resolved Optical SpectroscopyStreak-Camera Mea-

has an allene moiety and a carbonyl group but lacks a lactonesurements Excitation pulses were obtained by frequency

ring, and for uriolide acetate, which has a lactone ring but lacks
an allene moiety®
In addition to the glifetime dependency, there is a striking

doubling of the Ti:sapphire femtosecond oscillator output with
a 1.5 mm KDP nonlinear crystal. The Ti:sapphire oscillator
operated at 81 MHz repetition rate and was pumped by the 8

difference between absorption spectra in polar and nonpolar W output of a continuous-wave (CW) frequency-doubled, diode-

solvents. For carotenoids with a stronglietime dependence
on solvent polarity, the characteristic three-peak vibrational
structure of the &— S, transition is lost in polar solvents and

pumped Nd:YVQ laser. The excitation pulses had a duration
of ~150 fs and energy of 3-77.5 pJ/pulse in the wavelength
range 456-480 nm. The ultimate time resolution of the streak-

a rather broad and structureless absorption band is obs¥rved. camera was 1.3 ps after dispersion of the spectrum by a 0.25 m
Interestingly, loss of vibrational structure in polar solvents is spectrograph. Time and wavelength dependence of the fluores-
also observed for the carotenoid spheroidenone, although thecence intensity was measured simultaneously in a 3D window,
S, lifetime is not changed. A similar behavior of thg S S, where the vertical axis corresponded to time, the horizontal axis
transition was found for a series of apocarotenoids substitutedcorresponded to wavelength, and the fluorescence intensity was
with various terminal groups also containing a carbonyl grdup.  color coded. Transient fluorescence spectra were measured in
Analogous to carotenoid— (bacterio)chlorophyll energy  time ranges from 100 to 1000 ps depending on the fluorescence
transfer in many light-harvesting complex&s?° the efficiency decay time of the samples, and the fwhm of the response
of peridinin — Chl-a transfer in the PCP complex is quite function of the streak camera varied from 2 to 10 ps, cor-
high141820In LH2 from purple bacter#&23or LHC from higher respondingly. All measured fluorescence spectra were corrected
plants?425the energy pathway via the carotenoics&te usually for shading and spectral sensitivity of the apparatus. Test
plays a dominant role, whereas peridinin Chl-a energy experiments showed that both fluorescence kinetics and spectra
transfer in PCP occurs predominantly via thesgte. To fully were independent of the mutual polarization of excitation and
understand the mechanism of such efficient energy transfer viafluorescence light, so all streak-camera measurements reported
the S state, knowledge of the excited state dynamics associatednere were performed without polarization settings.
with the § state together with the behavior and origin of the Fluorescence Upcarersion TechniqueSubpicosecond fluo-

CT state of peridinin in solution is necessary. rescence upconversion measurements were performed in a
Here we report the application of various time-resolved standard experimental setup, which is briefly described below.
spectroscopic techniques for the study of the energetics andThe same Ti:sapphire-based laser system as employed for the
dynamics of the lowest excited states of peridinin in polar and streak-camera measurements was used. After the frequency
nonpolar solvents. The results are based mostly on a recentlydoubling in the 1.5 mm KDP crystal, pulses were split by a
introduced experimental approach enabling us to locate the S dielectric beam splitter to produce a7.5 nJ gate pulse centered
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at 940 nm and an-160 pJ excitation pulse at 470 nm. A long- Energy (cm™)
wavelength cutoff filter was inserted in the excitation beam to
block residual 940 nm light. After the sample, a short-
wavelength cutoff filter was used to prevent excitation light from -
entering the detection system. The time delay between the
excitation and gate pulses was changed by a computer-controlled
optical delay line. Fluorescence was collected by a microscope -
objective and mixed with the gating light in a 0.5 mm BBO
type | crystal by a 50 mm focal length quartz lens. The generated
sum-frequency signal was separated from fluorescence light,
transmitted excitation and frequency-doubled gate light by an
aperture. Remaining undesired light was minimized by a 10 nm
band-pass interference filter and a single grating monochromator.
The generated sum-frequency was detected by employing a
single photon counting technique by a cooletb(°C) photo-
multiplier tube and photon counter. Multiple scans of the decay B
were summed until a desired signal-to-noise ratio was reached.
In all measurements, the mutual polarization of the excitation
and gate beams was set to the magic angle fb413ing a . L . L NI
polarization rotator placed in the gate beam. A typical pump- 350 400 450 500 550 600

gate cross correlation function measured by mixing gate and A (nm)

pump beams in a 0.5 mm BBO crystal had a fwhm of 240  Figure 2. Peridinin absorption spectra mhexane (solid line) and
250 fs, and a fitted Gaussian shaped instrument responsemethanol (dashed line). Both spectra are normalized to their absorption
function was used in fitting the kinetics. The small effect of maxima.

the different group velocity mismatch between the fluorescence

and the gate pul$&at different fluorescence wavelengths was at 800 nm. The amplifier output was divided by a 75/25 beam
neglected. splitter to pump two independent optical parametric amplifiers

Pump-Probe ApparatusTwo similar femtosecond spec- for generation of the pump and probe pulse_s. The wavelength

trometers were used in visible and near-infrared ptippbe of the pump pulises was fixed at 490 nm, while the wav_elength

measurements. Both systems were based on an amplified Ti:Of the probe pulses was scanned over the spgctral region 700
1900 nm by a computer-controlled parametric amplifier. The

sapphire laser system. e
PP - y mutual polarization of pump and probe beams was set to the
For the visible range measurements, femtosecond pulses WertlenagiC angle. The detection system was based on a three-

obtained from a Ti:sapphire oscillator pumped by 8w output ; ;

i i photodiode arrangement (probe, reference and pump) in com-
of a_CW frequency-doubled, d|od¢-_pumped Nd:YMaser. The bination with a single grating monochromator and gave a
oscnl_a_tor, operating at a repetition rate O_f_ 82 MHz, was spectral resolution of 40 crd. The energy of the pump pulses
amplified by a regenerative Ti:sapphire amplifier pumped by a 45 kept below 40 nJ/pulse, corresponding to an excitation
Nd:YLF laser (1 kHz), producing 120160 fs pulses with an density of~10% photons pulse! cm2.
average energy ot1 mJ/pulse anql a central wavelength at_800 For all measurements in the visible as well as in the near-IR
nm. For measurements of transient _absorptlon spectra in therange the instrument response function was measured by
§pectra| range 479740 nm, the ampllf!ed pulses were d|V|d_e_d frequency mixing the pump and probe pulses in a 1.5 mm KDP
Into two paths: one to pump an optical parametric amplifier crystal and the obtained cross-correlation was fitted by a

for generation of pump pulses at 490 nm, and the other to Gaussian function with a fwhm of 160180 fs, depending

plrotduc_?hwhlte-:lgr}t colntlpuut_m profbtipulses Ina 8'5 CT) sa:)pphlre slightly on the wavelength of the probing pulses. This Gaussian
piate. tte trEu ual po anz;a 'OQ&OD ne pumpl) an t_pro et teams function was used as the instrument response function for the
was set to the magic angle (54)sing a polarization rotator multiexponential fitting procedure.

placed in the pump beam. For signal detection, the probe beam Absorption spectra were measured before and after all kinetic

and an identical reference beam (that had no overlap with the measurepmentsp to monitor whether photochemical changdes

pump beam) were focused onto the entrance slit of a spec- . . P ; 9
occurred during the experiment. No sample degradation was

trograph, which then dispersed both beams onto a home-built . o
. . observed during the course of kinetic measurements, except for
dual photodiode array (PDA) detection system. Each array . ST
the fluorescence upconversion measurements of peridinin in

contained 512 photodiodes and allowed a spectral rang@ 60 . .
. - n-hexane. Here, due to extremely weak signals the accumulation
nm to be measured in each laser shot. Every millisecond readout.

ime was as longs8 h and, after the measurement, the sample

of all photodiodes was converted by a 16-bit analog to digital absorption maximum was reduced by-3D%. This was due
converter (ADC) and transferred to the computer. The spectral " .
to deposition of some carotenoid molecules on the cuvette walls

resolution of the detection system wasl00 cnt! and the )

o - o as well as degradation of the sample.
energy of excitation was-150 nJ/pulse, giving an excitation
density of ~10'5 photons pulse' cm~2. Chirp compensation 3. Resul
of the spectra was performed manually after the measurements?’™ esults

For the infrared pumpprobe measurements femtosecond  Steady State Absorption.Absorption spectra of peridinin
pulses were obtained from a Ti:sapphire oscillator pumped by in two solvents of different polarityp-hexane (nonpolar) and
the 9 W output of a CW Ar laser. The oscillator (82 MHz)  methanol (polar), are shown in Figure 2. Absorption in the-350
was amplified by a regenerative Ti:sapphire amplifier pumped 550 nm region is associated with the strongly allowgd-SS,
by a Nd:YLF laser (5 kHz), producing 12A60 fs pulses with transition and inn-hexane exhibits a well-resolved vibronic
an average energy o200 uJ/pulse and a central wavelength structure. The separation between vibrational peaksI850
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A {nm) Figure 4. Kinetic traces of peridinin fluorescence in different solvents

Figure 3. Integrated peridinin fluorescence spectra: (solid line) in taken at 730 nm: (1) im-hexane £ = 156 ps); (2) in tetrahydrofuran
n-hexane (excitation at 455 nm, integrated over 300 ps); (dashed line) (t = 77 ps); (3) in 2-propanok(= 54 ps); (4) in methanolr(= 10.5
methanol (excitation at 473 nm, integrated over 30 ps). ps). All traces are normalized.

cm~! results from the combination of two symmetric vibrational ;ﬁ?&ﬁir}zufsec:ihr%eenst ffé‘?é'gefjaﬁ;o?sihqz(fr%e:séﬁ,e_d Dhe +2),

modes with energies of 1150 ci(C—C stretch) and 1600  Ejyorescence Measurementst], and Lifetimes Measured by
cm™! (C=C stretch). In contrast, the vibronic structure is Transient Absorption!s (z*)
completely lost in methanol and the absorption band is

o . e solvent P(e 7 (ps ™ (ps
significantly wider. From the spectrum of peridininnirhexane, © (ps) (ps)
the positions of vibrational bands can be evaluated and are as éxane i 0.299 158 3 161
follows: 0—0 transition, 485 nm (20620 crf); 0—1 transition carbon disulfide 0.354 1783 168

: ! \“ ! ’ diethyl ether 0.526 158 3 157

455 nm (21980 cmt); 0—2 transition, 429 nm (23310 crh). tetrahydrofuran 0.687 7E 3 79
Time-Resolved FluorescenceTime-resolved fluorescence 2-propanol 0.852 542 51
streak-camera measurements of peridinin in several solvents with  methanol 0.913 1051 12

different polarities were performed. Because the symmetry of

the peridinin molecule deviates significantly from the idealized not observed any spectral evolution on the time scale given by
Can point group, the optical S— S transition is not totally ~ the resolution of streak-camera.

forbidden and dual fluorescence can be observed from the S The § state fluorescence kinetics of peridinin taken at 730
and S states. However, the,State fluorescence decay is very nm in solvents of different polarity are shown in Figure 4, where
fast, less than 100 femtoseconds, and cannot be resolved witithe dramatic dependence of the SSate fluorescence lifetime
the time resolution of the streak-cameral(ps). The integrated ~ 0On solvent polarity is evident. The lifetime changes more than
S, fluorescence spectra measured in methanokahnexane are 1 order of magnitude, from 156 ps imhexane to 10.5 ps in
shown in Figure 3. Both spectra were smoothed by a low- methanol. In all solvents, kinetic traces could be fitted by a
frequency FFT filter. The integration time was selected to single exponential decay independent of detection wavelength
achieve the best signal-to-noise ratio and was always longerover nearly the entire fluorescence band (6880 nm). In the
than the lifetime of the fluorescence decay. The excitation spectral region from 550 to 650 nm, the fluorescence decay
wavelength was tuned to the maximum of the steady state was fitted by two exponentials, one of which was the same as
absorption spectrum. The fluorescence spectrum measured irfor the longer wavelengths and corresponded to jhel&xation,
n-hexane exhibits some vibronic structure, while in methanol and another corresponding to the very fast decay of sstee.

the spectrum is rather broad and structureless. Since it is knownThe $ — S relaxation time for peridinin in ethanol was
that for carotenoids the maximum of the fluorescence spectrummeasured by the upconversion techniéflgiving an $ lifetime

is usually due to the 62 vibronic band, a decomposition of ~ 0f 43 fs. In addition, our recent pumiprobe experiments with
the fluorescence spectrum of peridinimimexane into Gaussian 30 fs time resolution give an,3ifetime of ~60 fs for peridinin
bands gives an;State energy of peridinin in-hexane of about  in methanol and-30 fs for peridinin inn-hexane®® Thus, the

16 700 cntl. Since there is no vibronic structure observed for decay of the Sstate is clearly beyond the time resolution of
peridinin in methanol, we can only estimate the position of the the streak-camera.

S; level on the basis of knowledge of the energy gap between The peridinin excited state lifetimes together with polarity
vibrational modes 1350 cnt?). The fluorescence spectrum factors of the solvents used, are summarized in Table 1. The
of peridinin in methanol peaks at 715 nm and corresponds to polarity factors were calculated from the dielectric constant of
S, energy of~16 300 cnT! in methanol assuming the maximum  the solvents, using the expressiB(e) = (¢ — 1)/(e + 2). The

is due to the 6-2 vibrational band. An interesting feature of lifetimes obtained from our streak-camera measurements coin-
the fluorescence spectra shown in Figure 3 is the increase ofcide very well with recent results obtained from transient
fluorescence intensity with solvent polarity at the low-energy absorption measurements by Bautista et°ahdicating that the
edge of the fluorescence spectrum. This behavior is in agreemensame state is observed in both types of measurements and that
with transient absorption measurement (see below) and will be this state exhibiting strong solvent dependence is the emissive
analyzed in detail in the Discussion. In addition to the time- state of peridinin. This conclusion is further supported by our
integrated spectra shown in Figure 3, which actually correspond transient absorption measurements presented below.

to steady state fluorescence spectra, we have measured complete Transient Absorption. Transient absorption spectra of pe-
dynamics of the fluorescence spectra in both solvents and haveridinin in n-hexane and methanol were measured in two different
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500 580 600 650 700 Figure 6. Peridinin near-IR transient absorption spectrarinexane

and methanol. Delay time is 1 ps after the excitation. Samples were
A (nm) excited at 490 nm.
Figure 5. Transient absorption spectra of peridinin in methanol (a)
andn-hexane (b) at different time delays after the excitation at 490 bleaching (BL) or stimulated emission (SE) from the excited
nm. Correspor)ding delay_ times are shown in an inset. The arrows state. The negative band centered around 480 nm is the
indicate evolution of the signal. bleaching of the ground state. Since this band reflects the shape
spectral regions: the visible region from 470 to 740 nm and of the § — S, transition, it is significantly sharper imhexane,
the near-infrared region from 700 to 1900 nm. In both cases, where the vibronic structure is preserved. In both cases, the
peridinin was excited into the low-energy wing of the-@ bleaching band exhibits an instantaneous rise and then decays
vibronic band of the &— S; transition at 490 nm, to avoid any  with the same lifetime as the ESA. There are also sharp negative
contributions from relaxation within the,Sstate vibrational features observed in both methanol artiexane at 574 and
manifold. 531 nm. Both these bands demonstrate an instantaneous rise

Transient absorption spectra in the visible spectral region areand disappear within 300 fs. The energy separation between
shown in Figure 5 for the first 5 ps after excitation. In hexane, the excitation wavelength (490 nm) and these bandsliS80
two excited state absorption (ESA) bands are observed in theand ~3000 cntl. Transient absorption experiments of pure
transient absorption spectrum: a strong sharp band centered amethanol ana-hexane under the same conditions were carried
~510 nm and a weaker one located~a650 nm. Both these  out (data not shown) to clarify the origin of those bands. Data
bands exhibit the same dynamics and have been observedbtained in both solvents are very similar and reveal a strong
previously*® For peridinin in methanol, however, the observed sharp negative band centered at 571 nm and another one
dynamics is much more complex. A rather structureless approximately 5 times weaker at 520 nm. Both bands are
spectrum observed at zero delay evolves within 100 fs into a attributed to stimulated Raman scattering and feature the same
transient spectrum exhibiting a main maximum around 630 nm dynamics as observed in the experiments with peridinin at 574
with a shoulder at 530 nm. The spectral positions of these two and 531 nm. Thus, we suggest that the bands observed for
bands resemble the ESA bands observed for peridinin in peridinin solution originate from stimulated Raman scattering
n-hexane. Both these bands are significantly broader than thoseby the solvent and a resonance Raman signal from the
observed imn-hexane, most likely as a reason of thestate carotenoid. Both bands could be a combination of different
broadening. The opposite ratio of the amplitudes of the bands Raman signals, but apparently the 574 nm band is mostly caused
when compared to-hexane can be explained by a significant by the Raman scattering from the solvent and the 531 nm band
bleaching signal above 500 nm for peridinin in methanol, comes from Raman signal of peridinin (a shift from the
canceling the ESA signal in the region 50850 nm. In addition excitation wavelength of 1580 crhis very close to the Raman
to that, stimulated emission from the Sate can affect the actual  active double bond vibration frequency of 1600 ¢
shape of the observed bands at early delay times. Superimposed Near-IR transient absorption spectra of peridinimihexane
on these two §— S, bands, a new band appears at longer delay and methanol were measured in the spectral range extending
times. This band is centered @690 nm at 1 ps and is shifted from 700 to 1900 nm (see Figure 6). At 1 ps most of the
to a final position at~575 nm in 5 ps. For both methanol and peridinin molecules are in the; $tate, since the .5— S
n-hexane solutions, the ESA signal in the red-most part of the relaxation occurs on a time scale faster than 169%sand the
transient absorption spectrumm €75 nm) exhibits an instanta- S lifetime is more than 1 order of magnitude longer in both
neous rise followed by subpicosecond decay. This ESA has beersolvents. In the red-most part of the transient spectrum, the signal
already observed for other carotenoids and is most likely due is dominated by the S— S, transition, with the two vibronic
to a transition from the initially populated State to some higher  peaks having the same separation (132680 cnt?) as for the
excited staté! vibronic bands of the strongly allowed S S, transition (Figure

The negative features in the transient absorption spectra2). It should be noted that the vibronic structure of the-SS,
observed in both solvents are due to either ground statetransition is better resolved in-hexane than in methanol, in
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TABLE 2: Time Constants (zy, 72, 73) and Corresponding
Relative Amplitudes (A;, Az, A3) Extracted from

* 950nm Multiexponential Fits of the Kinetics of Peridinin in

e 1400nm Methanol and n-Hexane

1700nm

< 04 A(nm) E(en) 71 (ps) Au(%) 72(ps) Ax (%) 7s(ps) As(%)
2 In Methanol

£ 00 600 16670 1 346 9.7 100
£ 700 14290 <01 922 15 -—14 8.8 7.8
S 950 10530 1 384 9.6 100

1050 9520 <0.1 859 09 -141 101 215
1150 8700 <0.1 81.0 11 -19.0 98 163

08 1300 7690 <0.1 90.3 1.4 53 101 4.4

’ 1400 7140 1.4 27.0 9.1 73.0

L ' I S 1500 6670 1.3 171 120 829
0 10 20 30 40 50 1600 6250 <0.1 -—90.6 9.6 100
Time (ps) 1700 5880 9.8 100
Figure 7. Peridinin transient absorption kinetics in methanol. Squares, 1800 5560 <01 -881 10.2 100

circles, and triangles are the traces measured at 950, 1400, and 1700 In n-Hexane

nm, correspondingly. Lines represent multiexponential fits. Excitation 1400 7140 152 100
was at 490 nm. Traces are normalized either to the positive or to the 1800 5560 168 100

negative maximum of the signal. a2 Negative amplitudes correspond to the rise and positive to the

. . decay. The components( A;) is due to very fast relaxation of the S
good accordance with steady state absorption and ﬂuc’rescencgtate; the time constant of this component could not be resolved by the

spectra. Otherwise, the shape of the-S S, profile is quite experimental setup. Uncertainties of the lifetimes and amplitudes vary

similar in both solvents. from £:5% to +10%.
The most interesting part of the near-IR peridinin transient
absorption spectrum is the spectral region between 720 and 1200 10}

nm and its solvent dependencerhfiexane, this region exhibits
two weak ESA bands centered at 875 and 760 nm. Kinetic traces
measured at these bands show the same dynamic behavior as
the traces measured at energies corresponding tos;the §,
transition. This implies that the bands can be assigned to a
transition from the $state to some higher states lying between
the S and $ states. It is important to note that these bands
must actually be superimposed on a rather broad ESA band,
because a significant ESA is required to cancel therflission
in this spectral region (see Figure 3). More complex spectral
characteristics are revealed in the same region when peridinin
is dissolved in methanol: a broad structureless SE band centered
at ~980 nm dominates the transient absorption spectrum. A g
closer inspection of this SE band shows that the weak ESA 0.0 o=
features clearly seen imhexane are also present in methanol, 0 2 4
superimposed on the broad and strong negative feature. As Time (ps)
discussed in detail below, this SE band observed in methanol
is due to stimulated emission from an additional state with CT ; S
S - . - n-hexane measured by fluorescence upconversion at 793 nm. Solid lines
Cha'_'aCt_er' which is Sta_b'_l'z_eq in a polar env'ronmem' correspond to the fits. Excitation was at 470 nm. Traces are normalized
Kinetic traces of peridinin in the spectral region 661500 to the maximum.
nm measured in both solvents reveal characteristic decay times
of 10+ 1.5 ps (methanol) and 166 15 ps (-hexane), which observed as a decay component of the positive ESA-dominated
are in very good agreement with the streak-camera measure-signal. The observation that there is no 1 ps component present
ments. They are clearly the lifetimes of thes$ate, since they  at the very low energy edge of the IR transient spectrakb(5
are the same at all wavelengthsrhiexane, kinetics measured nm) constitutes strong support for this conclusion. Likewise,
over the whole spectral range display a single-exponential decay,in n-hexane, some of the traces required an ultrafast component
except the wavelength interval 7600200 nm, where an  of <0.1 ps to account for the,S~ S; internal conversion. All
additional ultrafast €200 fs) decay component is detected due fitting parameters of the kinetics measured in methanol at
to ESA from the $— S, transition3® In methanol the observed  different wavelengths extending from 600 to 1800 nm are
dynamics are more complex (Figure 7). Kinetics measured summarized in Table 2. In addition, there are fitting parameters
within the strong SE band exhibit an additional rise component of peridinin kinetics inn-hexane at both infrared band maxima
with a time constant of-1 ps. At the maximum of the SE band included in Table 2.
this component has an amplitude of 39% of the whole rise. The  Fluorescence Upconversion KineticsTo further clarify
same rise component is observed also at the maximum of thewhether the 1 ps kinetic component obtained from the transient
S; — S, transition (600 nm) with about the same amplitude as absorption measurements in methanol indeed originates from
at the SE maximum. At the high-energy edge of the-SS; an emissive state, we performed fluorescence upconversion
transition (between 1160 and 1315 nm) this time constant is measurements of peridinin in methanol amkdexane. As shown
observed as a decay component as the result of the interplayin Figure 8, inn-hexane, upconversion kinetics in the spectral
between the SE and ESA signals. Since there is an overlap ofrange 766-827 nm exhibit an instantaneous rise (with a time
ESA and SE bands, the rise of stimulated emission is actually resolution of~200 fs) followed by the slow decay of-Q00

NT/X j\v/ \Vv¥/ V\vﬁ

0.8 |-

—e— |n methanol
02 p ——In n-hexane

Normalized upconversion signal

Figure 8. Rise of the peridinin fluorescence kinetics in methanol and
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TABLE 3: Fitting Parameters of the Fluorescence this state (states). Therefore, we cannot determine if the final
Upconversion Kinetics for Peridinin Excited at 470 nn# S, state is the same for both S~ S, and CT— S, transitions.

2 (nm) 72 (pS) Az (%) 73 (pS) As (%) Thus, the value of 1300 cr mentioned above can be taken
727 1 _16 101 100 only as a rough estimate of the energy difference betwgen S
760 1 —28 9.9 100 and CT states.

793 11 —36 9.5 100 Light-induced absorbance changes in the 5000 nm
827 1 —40 9.6 100

spectral region primarily provide information about the transition

2|n addition to the finite rise componenty( A;), part of the rise is from the S and the state with CT character to thesate. As
instantaneous. Uncertainties for the lifetimes and amplitudes are within discussed above, this region is useful for monitoring dynamics
+5%. of the § state, but to determine the energy of thes&te of

) ) ) peridinin a better defined transition is required. The near-IR

ps) of the $ state fluorescence. Thig $etime obtained from gpaciral region, probing they S~ S; transition is an ideal tool
the fitting procedure is somewhat longer than that measured bysq; this purpos® and by applying a near-IR transient absorption
streak-camera and pumprobe techniques, and is probably due  (echnique, the energies of the Siate of several carotenoids
to very small signals and a rather poor signal-to-noise ratio in \yere evaluated® 3! Figure 6 shows the results of the near-IR
the upconversion experiments. For peridinin in methanol, kinetic easurements of peridinin imhexane and methanol. For the

traces in the wavelength range 72827 nm show a clear rise  getermination of the Sevel energy, assignment of the observed

component with a time constant of 1 ps, in good agreement bands to the vibronic bands of the, S- S, transition is

with the rise time obtained from the transient absorption Kinetics. .(,cial26.3 |n the near-IR region of the transient absorption

The rest of the fluorescence rise IS Instantaneous and _thespectra of peridinin im-hexane and methanol shown in Figure

amp[ltude of the 1 ps component increases gradually with 6, two vibronic bands located at 5820100 and 719G 100

probing wavelength, reaching as much as 40% at 827 nm. The ;-1 516 present. Since we know from fluorescence spectra that

_decay o_fupconversmn signal in all spectra region7827 nm the energy of the Slevel is about 16 700 cm, a simple

IS weII_ﬂttgd by an_~9.8:t 0.3 ps component corresponding to calculation of the $-S, energy gap leads to the energy of the

the S lifetime. AII time constants and ampllltl.JQes.extracted from 0—0 vibronic band of the S— S, transition of about 4500 cTi,

the upconversion measurements of peridinin in methanol ar€ which is beyond the sensitivity range of our experimental setup.

summarized in Table 3. Therefore, we attribute the peaks observed in the near-IR
. ] absorption spectrum to the-Q and G-2 vibronic bands of the

4. Discussion S1 — S, transition. Then, we can calculate the éhergy also

from the § — S, transition by a simple subtractid®(Sy — S,)

— E(S1 — $). Using the energies of theyS> S, and S — S,

0—1 absorption transitions, we calculate the energy of the S

state of peridinin im-hexane to be 16 108 200 cnil. It is

important to note that such a calculation of theeBergy gap

is reasonable only for peridinin mhexane, because the steady

state absorption spectrum of peridinin in methanol is structure-

The measurements of transient absorption spectra in the
visible spectral region (500700 nm) show that dynamic
spectral changes of the transient absorption band in this region
observed in methanol contrast strongly with the time indepen-
dent shape of the transient spectrum measuredhaxane. It
is clear from Figure 5 that the new ESA band appearing in the
tt)rsrflleln(;gl Eiﬂpgr?g ;r;;'z(rlrguprg Eyﬂz[ggncoévflirér:nltﬁz |§;2:fted less and it is therefore difficult to read the energy of theD0

band, which appears instantaneously. The transient absorptiorpr'g'n_ fromthe $— 5 transition I.f one nevertheless attempts
spectrum, especially at delay times longer than 0.7 ps, has anto estimate the Senergy of peridinin in methanol, the absorption

apparent three-peak substructure, which could be interpreted aSPECtrum im-hexane can be used to estimate taeSergy in
vibronic bands. The shift in the transient absorption spectrum, Methanol. With this approximation, we obtain theedergy of

as seen in Figure 5, might then be interpreted as vibrational Perdinin in methanol to be 16 108 500 cn”. Changing the
cooling of the $ state or redistribution of the population of ~assignment of the bands observed in the-SS; spectrum to
peridinin molecules from the higher to lower vibrational levels, be the 6-2 and 6-3 transitions would lead to am &nergy of

as the observed spectral evolution corresponds to a blue shift!7 450 & 200 cnt® in n-hexane. Taking into account the

of the transient absorption maximum. However, since no similar €XPerimental errors, none of the assignments givestee&gy
dynamics were detected mhexane, the above explanation is Of 16 700 200 cn1* obtained from the fluorescence spectrum,
rather unlikely. Following a similar argument as in Bautista et Put the value obtained from the assignment to thé @nd 0-2

al.!s the strong difference between the transient spectra in vibrational band_s is closer_. In addition, we refer to recent results
methanol and im-hexane can be explained in terms of the ©On the carotenoid spheroidene, where theergy calculated
transfer of the population from the State to a new state, most  from the § — S, transient absorption was found to be about
likely with charge-transfer character, which is stabilized in the 600 cnT*lower as compared to fluorescence measurenténts. -
polar solvent methanol. As this state would lie below the S On the basis of t.hese resultg, we assign the bands observed in
state of peridinin, it efficiently quenches the Sate, leading  the S — S transient absorption spectrum to the Dand 0-2

to both a significant shortening of the, Sifetime in polar V|brat!onal transitions, locating thelSnergy at 16 10& 200
solvents and a decrease of the fluorescence quantum yield M *in n-hexane and 16 10@ 500 cnm™* in methanol.

Though the transient absorption signal in the visible region is  The most striking difference of the peridinin lowest singlet
complex, the two ESA bands located at 630 and 530 nm are excited state properties in nonpolar and polar solvents is seen
most likely due to the excited state absorption from thetSte, in the near-IR transient absorption spectra (Figure 6), where
while the new band centered at 575 nm is a result of a transition peridinin in methanol exhibits a broad SE band in the 720
from the CT state, which is not observediexane. It should 1200 nm spectral region 1 ps after excitation, whiledinexane

be noted that we have no definitive information about the final only weak ESA bands can be seen. From the fluorescence
S, state, which can consist of a group of higher states. We also spectra (Figure 3) we know that there is substantial fluorescence
have no information about possible solvent-induced shifts of from the § state in the spectral region 72850 nm and further
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S,
A k k. k.
[Sz] —> [Sl] —> [ICT] —> [So] (1
W
. S, N and [ICT] are the populations of carotenoid molecules in
@ i—‘f/‘ 7 corresponding levels arkli = 1/ts,.s, ko = lltsg—icT, K3 =
& SEE St \I | 1lltcr—s, andks = l/rs g, are the rate constants. The time
= All B | 5 opent constantss, -s,, Ts,-icT, TicT—s, aNdzs, s, are defined in Figure
5 T 9. Then the population dynamics of the &d ICT states are
£ s e described by the equations
S
' [S ] — Ckl (e—k]_t _ e—(k2+k4)t) (2a)
< 1 k, +k, — k;
A
> ekt
Nuclear coordinate [ICT] = CklkZ (k + k _ kl)(k _ k]_) +
Figure 9. Potential energy surface diagram showing the ground, first, - E+ 4 3 k
and second singlet excited states of peridinin in nonpolar and polar g (et + gt
solvent environment. The;State is strongly coupled with the ICT Kk — Kk — _ + Kk, —
state. In nonpolar solvents, the barrier between thar ICT states ki =k =kl =y = ki) (ks — ka)(ky K, — kg)
is high and therefore the ICT state is not populated. In polar solvents, (2b)

i.e., methanol, the polarity-affected barrier is diminished as the ICT

state shifts to lower energy, therefore becoming populated. The In these simplified equations it is assumed that that8te is
transitions and corresponding time constants are shown for the peridininpopulated instantaneously during excitation and the con€tant
in polar solvent. is the initial $ state population after excitation.

I L ) On the basis of the experimental results presented here, it is
to the red side in both solvents. This implies that in the case of possible to assign the 1 ps component to the time constant

peridinin in n-hexane the ESA completely cancels SE and in Ts,—icT, Characterizing the formation of the ICT state and the
some regions is even stronger than the SE. The differenceq ps component to the lifetime of this lowest ICT state
between transient absorption spectra of peridinin in methanol (ticT—s,)- This model fits well to the kinetics measured around
andn-hexane can be explained by the stronger emission in the 1 nm, where the signal from the ICT state dominates.
red wing of the $ fluorescence of peridinin in methanol as  yo\vever, there are some evident problems with this simple
compared tor-hexane (Figure 3). The characteristic formation 44| First, it cannot explain the fact that the lifetime is
time of the SE band of peridinin in methanol can be obtained i,yependent of the probing wavelength. In both the visible and
from the kinetics measured in the spectral range oFGI8D0 |k regions, one would expect to find wavelengths corresponding
nm. The results of multiexponential fitting are summarized in to the ESA from the Sstate and thus kinetics with 1 ps decay

Table 2. In the spectral region 66a500 nm (this spectral  5q 3 qominating time constant. In particular, the decays of the
interval includes the entire SE band) a component o123 near-infrared $— S, transient absorption spectrum with an

ps is required to obtain a satisfactory fit. Thisl ps time. ~10 ps time constant suggest that it is the state that is
constant corresponds to the appearance of the SE band in thearacterized by the 10 ps lifetime. Another problem with this
IR region and also characterizes the spectral evolution in the g|4xation scheme is the small shift of the fluorescence spectrum
visible region. Fluorescence upconversion experiments in the yanveen methanol andthexane. From the spectral dynamics
727-827 nm region (Figure 8) also show a cleal psrise in  ghserved in the visible spectral region (S S, and ICT— S,
methanol, confirming the assignment of the negative band<720 ¢3nsitions) we can roughly estimate the difference between the
1200 nm) observed in the IR transient absorption spectrum of S and ICT state to be about 1300 chThe model wih a 1 ps
peridinin in methanol to a stimulated emission from a new lower time constant for the transfer from thets the ICT state would
energy state. Moreover, a decay component of10.5 pS s equire a shift of the fluorescence spectrum to lower energies
pre_sen_t at all measur(_ed Wavele_n_gths. Below_ we will introduce ¢ anout 1300 cmt as the population from the, State is quickly

a kinetic model to assign the origin of these time constants. AS yangferred to the lower-lying emissive state with charge-transfer
mentioned in the Results, the fits of the peridinin transient .po.octer. As can be seen from Figure 3, only a small shift of
absorption kinetics im-hexane yield a slow decay of 168 ~300 cn1! of the maximum is observed, and the fluorescence
15 ps, together with a very fast component of less than 0.2 pSgpectrum of peridinin in methanol demonstrates a broadening
in the majority of traces. rather than a shift.

Previous result§ were interpreted in terms of a kinetic model  To solve the apparent contradictions in the model described
where the observed decrease of théif6times of peridininin  apove, we propose a different kinetic scheme, where the ICT
polar solvents is due to a quenching of thes@te by the CT  state in methanol relaxes to the ground state with~dnps
state. With th(_e new f|r_1d|ngs presente_d he_re we can extend thistime constant fcr-—s,), thus the final step in the relaxation
model _accordlng to Flgure 9 and assign time constants for the process is significantly faster than the S ICT transfer
relaxation processes involving the CT state. We will call the characterized here by anl0 ps time constant§ict). In fact,
singlet state with charge-transfer character an intramolecularpoth interpretations (models) are mathematically acceptable at
charge-transfer (ICT) state to avoid confusion with the CT states, |east for dynamics in the spectral region 47800 nm; they
from which a charge transfer from the molecule indeed occurs. provide the same shape of kinetic traces, only with different

To simulate the dynamics of peridinin in methanol, we utilize relative amplitudes. However, our interpretation is more con-
equations for the population dynamics. Here][$S1], [S2], sistent with all the data and leads to the population dynamics
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of the studied system, which are totally different. In the proposed to the emission from the;Sand ICT states. It is important to
model the transfer to the ICT state exhibits the strong solvent note that, since we assume that thesfate is depopulated via
dependence. Such a solvent dependence of this step can bawvo different channels (to the ground state and to the ICT state),
explained by a solvent-controlled coupling between thar&l the time constantts = 10 ps extracted from the kinetic
ICT states, which can be described as a barrier between theirmeasurements is/= 1/ts—ict + 1/rs—s, according to Figure
corresponding potential energy surfaces. A model with a barrier 9. Assuming that the ;S—~ S, depopulation channel is character-
between the Sand ICT states was already indicated for ized by the same time constant of about 160 ps for all solvents,
peridinin!® but the explanation of the solvent-dependent S we can readily calculate the transfer timg—cr of the § —
lifetimes did not involve the barrier. A model with solvent- ICT channel (Table 1): 11 ps for methanol, 81 ps for
dependent barrier has been also proposed to explain dynamic®-propanol, and 148 ps for tetrahydrofuran. For the nonpolar
of the twisted intermolecular charge-transfer (TICT) state in the solventn-hexanegs,ict is by definition infinite and the ICT
DMABN dye:3233 an increase of polarity leads to a more state is never populated.

stabilized TICT state having lower energy than in a nonpolar  The model with a polarity-controlled barrier between the S
solvent. Since the barrier is the energy difference between thegnd the ICT states suggested here can be applied to explain
lowest point of the potential energy surface of the “initial” state a|so the dynamic behavior of the States of other carotenoids
and the crossing point of the two potential surfaces, the barrier presented by Frank et #.A similar behavior as found in

decreases with increasing polarity (Figure 9). peridinin was also observed for fucoxanthin and uriolide acetate.
Applying this barrier model to the peridinim, 8lynamics in For these two carotenoids, however, the solvent polarity
the nonpolar solvent-hexane, the coupling between thea®d dependence of the;Sifetime was not so dramatic as in the

ICT state is so small (barrier is too high) that the ICT state is case of peridinin and the solvent polarity necessary to decrease
never populated and we can observe only thst&te dynamics.  the § lifetime was found to be higher. Because thdifetimes

The lifetime of 160 ps of the ;Sstate corresponds to the of both fucoxanthin and uriolide acetate are shorter in nonpolar
relaxation of the g state directly to the Sground state. solvent than in the case of peridinin (70 ps for both carotenoids),
Comparing the energy gap between theaBid the $ states to allow population of the ICT state, the barrier between the S
with previous resulf® using the energy gap la% the value of and ICT states must be lower to compete with directSS,

16 700 cnm! corresponds in the order of magnitude to the depopulation. Thus, the solvent polarity at which thdiftime
observed 160 ps lifetime. Thus, the fluorescence spectrum ofdependence is obvious must be higher, which is in perfect
peridinin inn-hexane reflects merely the emission from the S agreement with results presented in ref 16. The same explanation
state. This is the reason we do not see any SE band arouncholds for the carotenoid spheroidenone. This carotenoid exhibits
1000 nm in the transient absorption spectrum of peridinin in a solvent effect in the Sstate similar to that observed for
n-hexane, because such emission is characteristic of the ICTperidinin, fucoxanthin, and uriolide acetate: the absorption
state (see below). The dynamic behavior of peridinin-exane spectrum is broadened and the vibrational structure is lost as
is generally very similar to that observed for other carotenoids, the solvent polarity increases. The Hetime, however, is

for which no solvent dependence of thg Hetime was unaffected by solvent polarity and remains at 6 ps for all
observed. solventst® Such a behavior is not surprising according to the

Transferring peridinin to solvents with higher polarity leads model presented here, since the barrier is probably not low
to an increase of the coupling between the&d the ICT states, ~ €nough to compete with the 6 ps Betime even in the most
facilitating transfer of the Spopulation to the lower-lying ICT ~ polar solvent used.
state. This results in a notable decrease of the fluorescence Despite this apparent success of the solvent polarity-controlled
quantum yield, because the emissivestte is now quenched  barrier in explaining experimental observations shown in both
by the ICT state. In the very polar solvent methanol used in this and previous worké we cannot give an unambiguous
this study, the fluorescence spectrum actually consists of two assignment of the origin of the ICT state observed in various
overlapping bands corresponding to emissions from thstcie carotenoids. The study by Frank et&thowed that the presence
and from the ICT state. The ICT state emission is shifted to of a carbonyl group in conjugation with the carbhwmrelectron
lower energies. Because of the short lifetime of 1 ps compared system is necessary, while neither the allene moiety nor the
to the § lifetime of 10 ps, the ICT state is always poorly lactone ring present in peridinin is required for the observed
populated, leading to a broadening rather than to a shift of the solvent sensitivity, although these groups seem to increase the
fluorescence spectrum at the low-energy side. Emission from effect. Another support for the importance of the=G group
the ICT state is readily observed as the SE band in the transientis the recent study of apocarotenoids by He ét @hey showed
absorption spectrum shown in Figure 6. The high-energy part that the presence of a terminal CHO group leads to a similar
of the fluorescence spectrum corresponds to the emission fromlifetime dependence on solvent polarity, as observed for
the § state. This is well supported by the fluorescence peridinin and related carotenoids. Thus, the presence of the ICT
upconversion experiments summarized in Table 3. Detecting state in the energy level manifold stems most likely from the
the up-converted signal close to the maximum of the fluores- interaction of these groups with solvent molecules. In general,
cence spectrum (727 nm), it exhibits only 16% of the 1 ps rise, the presence of a highly polar emissive ICT state in an excited
while the rest of the rise is instantaneous. Furthermore, the states manifold is usually characterized by a significant shift of
amplitude of the 1 ps rise component increases with detectionthe fluorescence spectrum as polarity of the solvent incréasés.
wavelength, comprising more than 40% at 827 nm. Since the No such behavior was observed here, but the lack of the solvent-
S, state is populated via internal relaxation from the initially dependent Stokes shift was explained by a kinetic scheme in
excited $ state and since this relaxation is known to occur in which the final relaxation step is much faster than the transfer
~60 s (beyond the time resolution of the present experimental of the population to the ICT state. This fact, together with the
setup), the emission from the; State will demonstrate an  quite broad fluorescence spectra of carotenoids, fits well to the
instantaneous rise. Therefore, the observed behavior agrees welnodel incorporating the ICT state. However, we are not able
with the idea of two overlapping emission bands corresponding to determine whether the observed ICT state is without torsional
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to a shift of this state to lower energies. Thus, for the less polar
solvents 2-propanol and tetrahydrofuran the energy gap between
the ground state ¢Sand the ICT state will be bigger than that
for methanol, resulting in a longer lifetime of the ICT state.
However, to fully explain the excited state dynamics of
peridinin, more detailed experiments including both temperature
and viscosity dependence along with studies of dynamical
behavior of other carotenoids are certainly needed. Furthermore,
calculations of the properties of the peridinin lowest singlet
excited states would be most helpful.

An important issue is the role that the excited state dynamics
of peridinin plays in the PCP complex. It is known that the
PCP complex exhibits an extremely high efficiency of caro-
tenoid—chlorophyll energy transfer via the peridinin Sate'418
This type of S pathway is confined to a restricted group of
eukaryotic algae utilizing oxygenated carotenoids such as
. ) . ) . ) , , fucoxanthin, in addition to peridinin, as principle light-harvesting
0 2 4 6 8 pigments. The three-dimensional structure of the PCP corfplex
Time (ps) reveals that peridinin resides in a_somevyhat po_lar en\_/i_ronment

created by polar hydrogen bonding residues in addition to a
Figure 10. Kinetics of the SE band probed at 975 nm of peridininin number of water molecules, suggesting that the ICT state could
methanol (triangles), 2-propanol (circles), and tetrahydrofuran (squares).pe at |east partially populated and therefore play some role in

In the main picture the first 8 ps of the traces and in the inset the whole o, iation energy flow. Direct measurements of excited state
decay traces are shown. The solid lines represent multiexponential fits

of the data. The amplitudes of traces are normalized to the maximum dynamics of peridinin in the protein environment is needed to
of the signal. Peridinin was excited at 490 nm. improve our understanding of the role of the ICT state in the
light-harvesting process in the PCP complex.

changes or if a twisting of the carotenoid molecule takes place,
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