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1. Introduction
Carotenoids are, along with chlorophylls, the most
abundant pigments found in nature. They are present
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in most organisms including humans but can be
synthesized only by plants and microorganisms.
While they are perhaps best known for their bright
colors, they have well-documented multiple functions
in nature: they serve as light-harvesting pigments
in almost all photosynthetic organisms covering a
region of the visible spectrum not accessible by
(bacterio)chlorophylls ((B)Chl) and they protect against
excessive light by quenching both singlet and triplet
states of (B)Chls.»~> Outside photosynthesis, they are
known as efficient quenchers of dangerous singlet
oxygen and various reactive radicals by intercepting
the chain of oxidative reactions.® There is accumulat-
ing evidence that this antioxidative function is a key
mechanism of protection against various diseases
including cancer, atherosclerosis, and macular de-
generation in humans.”® Yet, knowledge of the
detailed molecular mechanism of such actions is so
far very limited.

Most of the experimental and theoretical effort
aiming for deeper knowledge of carotenoid excited-
state dynamics performed in recent years was driven
by the ability of carotenoids to transfer sunlight
energy absorbed by their singlet excited states to
(B)Chls, thereby actively participating in the light-
harvesting process. The first study providing clear
evidence of the light-harvesting function of caro-
tenoids was performed more than 60 years ago.® It
represented a milestone that promoted further inter-
est in studies of carotenoid excited states. Due to the
absence of spectroscopic methods allowing one to
follow the excited-state dynamics of carotenoids, the
time period until the late 1980s was characterized
by studies relying mostly on measurements of fluo-
rescence excitation spectra. Experiments carried out
during this period, which are reviewed, for example,
by Govindjee,'? established the involvement of caro-
tenoid excited states in energy transfer between
carotenoids and (B)Chls and demonstrated that
guantum yields of carotenoid—(B)Chl transfer are not
far from unity in some cases. Along with the efforts
to understand details behind the light-harvesting
function of carotenoids, a number of studies of caro-
tenoids and their close relatives polyenes in solution
were performed. In 1972, an important breakthrough
in the field of carotenoid photophysics was reported,;
it was demonstrated that the absorbing state of
longer polyenes is not the lowest excited state but
that an additional, ‘dark’ state is located between the
ground state and the absorbing state.''? This dis-
covery radically affected further research on caro-
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tenoid photophysics, as a major part of the experi-
mental and theoretical studies was directed toward
localization of this dark state and elucidation of its
role in light harvesting and photoprotection. Further
theoretical investigations of polyenes showed that
other dark states occur in the vicinity of the absorb-
ing state,’® and these additional dark states were only
recently tackled by experimental methods.'#*® The
studies on polyenes are vitally important for under-
standing carotenoid photophysics, and the reader is
referred to reviews by Orlandi'® or Hudson'” for a
more detailed account.

Polivka and Sundstrom

Another turning point in carotenoid photophysics
came in the late 1980s with the availability of spec-
troscopic methods enabling investigation the dynam-
ics of excited states on (sub)picosecond time scales.
Since the pioneering experiment performed by Was-
ielewski and Kispert, who were the first to measure
the S; lifetime of S-carotene,'® a large number of
successive experiments, often supported by theoreti-
cal investigations, attempted to disentangle the
complicated picture of carotenoid excited-state dy-
namics in both solution and various light-harvesting
complexes. The initial period of the time-resolved
studies of carotenoid excited states was reviewed a
few years ago®31° and therefore will not be described
here in detail. This review focuses predominantly on
the last six years of research on carotenoid excited
states. This period is characterized mainly by various
experimental approaches to locate the dark S; state
of carotenoids and to reveal its role in light-harvest-
ing processes. Besides the localization of the S; state,
a number of other important discoveries were made
that again significantly changed the picture of caro-
tenoid excited-state dynamics. First, other dark
excited states were experimentally found,*>2° and
their roles in relaxation and energy-transfer path-
ways are still a matter of debate. Second, unique
properties of excited states of carotenoids having a
conjugated carbonyl group were discovered, exhibit-
ing solvent-dependent relaxation schemes.?*=23 This
family of carotenoids exhibits polarity-driven excited-
state dynamics, and exact relaxation patterns and
their relation to the polarity of the environment are
still unclear. The first part of the review focuses on
excited states of carotenoids in solution, as knowledge
of relaxation pathways in isolated carotenoids is a
necessary prerequisite to understand carotenoid dy-
namics in complex systems. The second part deals
with carotenoids in light-harvesting systems, review-
ing the progress in understanding of mechanisms and
pathways of carotenoid—B(Chl) energy transfer in the
past few years. The new discoveries made for caro-
tenoids in solution were naturally reflected in studies
of their light-harvesting function, and the purpose
of this part of the review is to summarize our current
knowledge of light harvesting by carotenoids in
various antenna systems. We focus here mainly on
singlet—singlet energy transfer between carotenoids
and (B)Chls. The complete patterns of energy-
transfer pathways including energy transfer between
(B)Chls and/or triplet—triplet energy transfer were
already summarized in specialized reviews focusing
on bacterial light-harvesting complexes?*~27 or light-
harvesting complexes from higher plants.5>% Simi-
larly, a review by Britton?® gives an excellent over-
view of steady-state spectroscopic properties of
carotenoids, and the details will not be repeated here.
Although theoretical investigations of carotenoid—
(B)Chl energy transfer are included in the review,
details about theoretical methods are omitted. These
details can be found in the particular references or
in a recent review by Ritz et al.* that summarizes
various factors controlling the efficiency of energy
transfer between carotenoids and (B)Chls on a theo-
retical level. Unlike these more specialized reviews,
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our main purpose is to summarize the current
knowledge of excited-state dynamics of carotenoids
in a broader context by directly comparing investiga-
tions of carotenoids in solution, protein complexes,
and artificial systems.

2. Theoretical Background

The diversity of carotenoid functions is unmatched
by any other class of natural pigments. The func-
tional variety is directly related to their unique
spectroscopic properties resulting from the structure
of the carotenoid molecule (Figure 1). The central
pattern repeated in all carotenoids is a backbone
consisting of alternating single and double carbon
bonds that form a conjugated m-electron system
responsible for most of the spectroscopic properties
of carotenoids. Until recently, most of our knowledge
of the properties of carotenoid excited states was
largely based on spectroscopic studies of polyenes
that belong to the same idealized C,y, point symmetry
group as carotenoids. In terms of C,, symmetry
labels, the two low-lying singlet excited states de-
noted 2'A,~ and 1!'B,", are responsible for most of
the spectroscopic properties of carotenoids. Since the
ground state of carotenoids is of A;~ symmetry, the
one-photon transition between the ground state and
the 2!A4~ state is symmetry forbidden while that
between the ground state and the 1'B,* state is
allowed. In 1972, experiments on the polyene diphen-
yloctatetraene,'? supported by calculations,'! estab-
lished that the lowest excited state in this polyene is
located below the strongly allowed 1'B,* state, mak-
ing the lowest energy transition symmetry forbidden.
This discovery aroused a number of experimental and
theoretical studies of polyenes, which established
that the forbiddenness of the lowest energy transition
is a common feature of all polyenes having conjuga-
tion length N > 3.13 This ‘reverse’ ordering of the
excited states is also a central feature of all caro-
tenoids occurring in nature, since most of them have
a conjugation length between 7 and 13 (Figure 1).

While the 1'B," state, in terms of molecular orbit-
als, is described by a simple HOMO — LUMO
transition, the theoretical explanation for the fact
that the 2!A, state lies below the 1!B," state
requires involvement of highly excited configurations
that are able to take into account electron—electron
interactions.'®30-32 To properly describe the proper-
ties of the 2'Ay~ state, at least doubly excited con-
figurations must be used because this state repre-
sents a mixture of singly and doubly excited configu-
rations. In terms of molecular orbitals, the singly
excited configurations correspond to (HOMO-1) —
(LUMO) and (HOMO) — (LUMO+1) transitions
while the most important doubly excited configura-
tion is the (HOMO, HOMO) — (LUMO, LUMO)
transition.’® Using doubly excited configurations is
usually enough to push the 2'A,~ state below the
1'B,", but quantitative agreement between experi-
mental and theoretical 2'Ay~ energies required even
higher configuration interaction.33°732 The doubly
excited character of the 2'A,~ state can be rational-
ized as involving two 13B,, triplet excitations that are
coupled to an overall singlet state, which explains the
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Figure 1. Molecular structures of carotenoids frequently
used for studies of excited-state dynamics. Conjugation
length is denoted in parentheses as follows: N, number of
conjugated C=C bonds in the linear conjugated backbone;
pn, conjugation extended to n C=C bonds located at a
terminal ring; O, conjugation extended to a carbonyl group;
LO, conjugation extended to a carbonyl group located at a
lactone ring; A, conjugation extended to an allene moiety.

fact that the energy of the 2!A,~ state is about twice
the energy of the lowest triplet state.'® Besides these
two states of ionic (B,*) and covalent (Ay7) nature,
other covalent states formed by various combinations
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of triplet excitations coupled to a singlet state exist
in the excited-state manifold of polyenes and caro-
tenoids. From a spectroscopic point of view, the most
interesting ones are the 1'B,~ and 3'A,~ states that
are formed as a combination of 1B, and 13A, and
13A4 and 13A, triplet states, respectively,'® because
the energies of these states approach the energy of
the absorbing 1'B," state as the conjugation length
increases to N ~ 11.1% Detailed descriptions of the
electronic properties of the excited states of polyenes
can be found elsewhere.16:17:33

Throughout this review we use the following nota-
tion to describe excited states of carotenoids. In the
symmetry notation, we will omit the spin index for
singlet states. For description of excited states, we
will follow the conventional notation used throughout
literature about carotenoid excited states to date,
thus, the absorbing 1B," state will be called the S,
state and the dark 2Ay~ state the S; state. When
other states are discussed, they will be designated
by their symmetry label.

3. Excited States in Solution

Knowledge of the properties of excited states of
carotenoids in solution is a necessary prerequisite for
understanding their functions in more complex natu-
ral and artificial systems. Most of the features of the
excited states that have been recognized as important
for the functioning of carotenoids in more complex
systems have been established by experiments per-
formed in solution. Studies of the energetics and
dynamics of carotenoid excited states in various
solvents during the past few years have extended our
knowledge of their properties inferred from polyenes,
leading to discoveries of new states and their de-
pendencies on solvent parameters. This revealed new,
previously unknown, relaxation pathways that are
of high importance for functionality of carotenoids in
more complex systems. An energy-level scheme of a
carotenoid molecule together with transitions that
will be used to describe the dynamics of excited states
in the following sections is depicted in Figure 2.

3.1. S, State

The strong absorption of carotenoids (extinction
coefficients on the order of 10°%) in the blue-green
spectral region is caused by the strongly allowed
Sp—S, transition.?® The So—S, transition of caro-
tenoids usually exhibits a characteristic three-peak
structure corresponding to the lowest three vibra-
tional levels of the S, state (Figure 3). The energy
gap between vibrational peaks of ~1350 cm™ results
from the combination of two symmetric vibrational
modes with energies of ~1150 (C—C stretch) and
~1600 cm~! (C=C stretch). The resolution of vibra-
tional peaks in the absorption spectrum is an impor-
tant spectroscopic measure as it reflects certain
structural properties of a carotenoid molecule. The
vibrational structure is well resolved for linear caro-
tenoids such as lycopene or spheroidene, while a clear
loss of resolution of vibrational bands is observed for
carotenoids having conjugation extended to various
end groups. A typical example is -carotene, for which
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Figure 2. Simplified energy-level scheme of a carotenoid
molecule including transitions corresponding to transient
signals occurring after excitation (blue arrow). The Sy
state in this scheme represents only a symbolic final state
for S;—Sn (green), S,—Sn (purple), 1B,—Sn (black), and
S*—Sn (black) transitions. In reality, the final states of
these transitions must be of different symmetry, and there-
fore, the Sy state in the scheme consists actually of four
different states.
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Figure 3. So—S; (ground-state absorption) and S;—Sy
(excited-state absorption) transitions of violaxanthin (solid
line and full symbols) and zeaxanthin (broken line and open
symbols) having conjugation lengths of 9 and 11 (952),
respectively. The S;—Sy spectra were recorded 3 ps after
excitation at 480 nm (violaxanthin) and 490 nm (zeaxan-

thin). All data were obtained in methanol solution at room
temperature.

the conjugation extends to the terminal S-ionylidene
rings. The conjugated double bonds located on the
p-ionylidene ring are in s-cis orientation with respect
to the main conjugated backbone (Figure 1), because,
as shown recently by density functional calculations,
the s-cis configuration is more stable.?* The loss of
vibrational resolution is attributed to the repulsion
between methyl groups on the g-ionylidene ring and
hydrogen atoms on the conjugated backbone that
forces the conjugated double bond of the S-ionylidene
ring out of plane.®*3" This situation leads to a
broader distribution of conformers, which causes the
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Table 1. Energies of the S; and S; States of Carotenoids®
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Si energy
carotenoid® Ne¢ S, energy fluorescence Ramand S1—S, 2-photon
spirilloxanthin 13 19 000 (51) 11 900 (51) 11780 (15) 11 560 =+ 200 (67)
anhydrorhodovibrin 12 19 400 (51) 12 500 (51) 12 195 (15)
lycopene 11 19 900 (51) 13 300 (51) 13200 (14) 12500 =+ 150 (91)
12 920 (15)
rhodopin glucoside 11 20 000 (92) 12 800 + 200 (92)
12 550 + 150°(92)
spheroidenone 100 19 500 (46) 13 200 + 100 (46)
spheroidene 10 20 700 (92) 14 2001 (50) 14 200 (89) 13400 £ 909 (62,92) 13900 + 150°(176)
f-carotene 952 20 840 (39) 14 200 + 500 (39) 14670 (14) ~14 500 (95)
14 500" (52) 14 500 (88)
zeaxanthin 9452 21010 (84) 14 550 + 90 (84) 14 030 + 90 (81)
14 610 + 40/(85) 13 850 + 200i(198)
lutein 951 21 200 (293) 14 050 =+ 300i(198) <15 100 (95)
~15300%(201)
violaxanthin 9 21 230 (84) 14 880 + 90 (84) 14 470 4+ 90 (81)
15 580 =+ 60(85) 13 700 =+ 300i(198)
nonaene* 9 21510 (40) 15 120 + 220 (40)
neurosporene 9 21 300 (50) 15 300 (50)
m9-S-carotene* 752 22 500 (39) 15 750 (14)
siphonaxanthin 80 20 870 (46) ~16 200 (73) 16 610 + 200 (46)
fucoxanthin 70A 20 960 (46) ~16 200 (73) 16 520 + 200 (46)
peridinin 7LOA 20620 (23) 16 200 (45) 16 100 + 200 (23) 18 500—18 850 (43)
16 700 (23 106) ~16 200 (45)
octaene* 8 22 420 (40) 16 840 + 170 (40)
heptaene* 7 23 530 (40) 18 160 =+ 40 (40)

a The values correspond to room-temperature measurements unless stated otherwise. Numbers in parentheses are references.
Solution measurements were performed in n-hexane except for the following cases: violaxanthin, zeaxanthin (81), lutein (293),
and rhodopin glucoside (92) in methanol; fucoxanthin and siphonaxanthin in CS; (73); lutein in octanol (95); f-carotene in octane
(95). b Carotenoids marked by asterisk are synthesized molecules that do not occur naturally. ¢ Conjugation length. See caption
of Figure 1 for explanation. ¢ All resonance Raman measurements were carried out with crystalline carotenoid microcrystals
deposited on KBr disks. ¢ In LH2 complex. f At both room temperature and 170 K. ¢ In both LH2 complex and n-hexane solution.
The same value was obtained also in solution at 185 K. " At 170 K. ' At 77 K in EPA glass. I In LHCII complexes reconstituted
with a single carotenoid species. ¥ In native LHCII complexes containing lutein, violaxanthin, and neoxanthin with stoichiometry

approximately 1.8:1:0.2.

observed reduction of vibrational structure of the
So—S; transition (Figure 3).

While the resolution of vibrational structure is very
little affected by the conjugation length,® the energy
of the Sp—S; transition decreases with the conjuga-
tion length. A few recent studies on analogues of the
same carotenoid having different conjugation lengths
demonstrated that the dependence of the S, state
energy on conjugation length (N) can be in the first
approximation expressed as E = A + B/N, where A
and B are adjustable parameters.®®4 While the
parameter B is related to the slope of the energy
dependence on the conjugation length, parameter A
is the energy of the 0—0 vibrational band of the
So—S; transition for an infinite carotenoid. Earlier
works on spheroidene and j-carotene analogues sug-
gested that A is ~11 000 cm~? (910 nm),%83° but more
recent results established it to be around 14 000 cm™
(700 nm) for open chain carotenoids,*® in good agree-
ment with studies of polyenes.** For naturally occur-
ring carotenoids having conjugation lengths in the
range 7—13, the 0—0 band of the So—S, transition is
located between 475 and 525 nm (21 200—19 000
cm™%, see Table 1), which gives the bright colors of
carotenoids varying from yellow to red. Besides the
number of conjugated double bonds, the 0—0 energy
is also affected by the structure of a particular
carotenoid. For example, the nonplanarity of the
conjugated C=C bond located at the -ionylidene ring
discussed above leads to a decrease of the effective
conjugation length. This results in higher S, energy

of -carotene and zeaxanthin than for their linear
counterpart lycopene, which also possesses 11 con-
jugated double bonds (Table 1).

The energy of the Sy—S, transition of carotenoids
also depends on the refractive index of the solvent
and, consequently, on the polarizability of the solvent.
Therefore, in a solvent with high polarizability such
as CS,, the spectral shift of the S, state can be as
high as 40 nm toward the red.??3%42 On the other
hand, the polarity of the solvent has only a small
effect on the excited states of carotenoids, with the
exception of carotenoids possessing a conjugated
carbonyl group in their structure. In this case the
polarity of the solvent has a dramatic effect on the
properties of the excited states.?? The electron-
withdrawing character of the conjugated carbonyl
group has a significant effect on the spectroscopic
properties since it leads to a pronounced charge-
transfer character of both the ground and excited
states of a carotenoid.??~2343-46 While in nonpolar
solvent the shape of the Sy—S; transition of a carbo-
nyl carotenoid usually exhibits a typical three-peak
character, in polar solvent the vibrational structure
is lost and the absorption spectrum is asymmetrically
broadened toward longer wavelengths (Figure 4). It
was shown that this effect is mostly due to the
charge-transfer character of the ground state, while
the properties of the S, state remain rather unaf-
fected by solvent polarity.**°> Stabilization of a nega-
tive charge on the carbonyl oxygen in polar solvents
enhances the ground-state charge-transfer character
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Figure 4. Room-temperature absorption spectra of the
carbonyl carotenoid peridinin in n-hexane (solid line) and
methanol (dashed line). Transient absorption spectra cor-
responding to the S;/ICT—Sy transition of peridinin in
n-hexane (full squares) and methanol (open circles) re-
corded 1 ps after the excitation at 490 nm are also shown.
All spectra are normalized to their absorption maximum.

and leads to the presence of several ground-state
conformations, leading to the observed loss of vibra-
tional structure and spectral broadening.??44746 In
addition, it was shown that the asymmetric broaden-
ing of the peridinin absorption spectrum is enhanced
in protic solvents,* which are capable of forming a
hydrogen bond via the carbonyl oxygen, further
stabilizing the charge-transfer character of the ground
state. All the carbonyl carotenoids studied so far
exhibit a dependence on solvent polarity,?1-2343-47 g|-
though subtle changes in carotenoid structure cause
large variation in the magnitude of these changes:
while rather small effects are observed for the linear
carotenoid spheroidenone containing a carbonyl group
in a s-cis configuration at the end of the carbon—
carbon conjugated backbone,*84° the highly substi-
tuted carotenoid peridinin having a carbonyl group
in the middle of the conjugated chain attached via a
lactone ring (see Figure 1) exhibits significant changes
of the spectroscopic properties when switched from
nonpolar to polar solvent.?2:46

Longer carotenoids violate Kasha's rule as they
exhibit emission from the S, state.®’~° The critical
conjugation length for which the S; emission, which
dominates for shorter conjugation, changes to S;
emission is around eight conjugated C=C bonds.
Studies of a series of open-chain carotenoids demon-
strated that those with a conjugation length of eight
exhibited dual emission from both the S; and S;
states.*® A very similar result was obtained for a
series of -carotene analogues, although it was shown
that in solvents with high polarizability such as CS;
the maximal dual emission is observed for an ana-
logue having a conjugation length of nine as a result
of the smaller S,—S; energy gap, leading to a de-
creased S, emission quantum yield.® The S, emission
constitutes almost a mirror image of the absorption
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spectrum with a Stokes shift of 150—300 cm™?, almost
independent of conjugation length for carotenoids
with conjugation lengths 9—13.37:38:40.50-52

While the radiative lifetime of the S, state as
calculated by the Strickler—Berg equation®3 is in the
range of nanoseconds, measured quantum yields of
the S; emission on the order of 10~° showed that the
internal conversion on the subpicosecond time scale
governs the S, dynamics.®84%42 Thus, information
about the dynamics of the S, state relies solely on
ultrafast time-resolved techniques, particularly on
fluorescence up-conversion and transient absorption
data. Application of these techniques to a number of
carotenoids employed in photosynthetic light har-
vesting established that the S; lifetime is in the range
of 100—300 fs#?54-56 and dependent on both conjuga-
tion length and solvent parameters. A detailed fluo-
rescence up-conversion study of the effect of solvent
properties on the S, dynamics of S-carotene*? dem-
onstrated that increasing the polarizability of solvent
decreased the S, lifetime of S-carotene from 180 fs
in n-hexane to 130 fs in CS; due to the polarizability
shift of the S, state, making the S,—S; gap smaller
and thus facilitating the internal conversion. For all
solvents, the S, decay was successfully fitted by a
monoexponential decay with no rise component,
signaling that no dynamical Stokes shift is present,
although the authors detected a slight dependence
on probing wavelength for g-carotene in n-hexane—
the S; lifetime was prolonged by about 20 fs at longer
detection wavelengths. Similar results were obtained
with excitation of S-carotene into higher vibrational
levels® and were further confirmed also for the linear
carotenoid neurosporene.® The effect was explained
in terms of sub-100 fs vibrational relaxation in the
S, state (see section 3.4). Interestingly, Ricci et al.
observed opposite wavelength dependence of the S,
emission when the carotenoid spheroidene was ex-
cited into the 0—1 vibrational band of the S; state.>*
While the dependence on solvent polarizability
matches well that observed for S-carotene,*>% the S,
decay is fastest when probed in the red tail of the S,
emission band. Thus, the excitation into higher
vibrational levels of the S, state makes the situation
more complicated as vibrational relaxation contrib-
utes to the dynamics, which was further underlined
by the fact that for spheroidene in CS; the S, decay
did not fit well to a single-exponential decay when
the S, state was excited into the 0—1 vibrational
transition. An explanation involving formation of a
CS,—spheroidene exciplex was proposed to justify
this anomalous behavior.>* The fact that more polar-
izable solvents need a second component for the
fitting of S, decay was also recognized by Macpherson
et al.,*? implying more complicated interaction with
these solvents.

While the solvent effect on the S, lifetime was
successfully explained using the S;—S; energy gap,
the effect of conjugation length and carotenoid struc-
ture on the S, lifetime is more complicated. The S,
lifetimes for a series of 5-carotene®® or spheroidene3®
analogues, having conjugation lengths varying from
5 to 13 for S-carotene and 7—13 in the case of
spheroidene, were calculated from the S, emission
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quantum yield and the S, radiative lifetimes. A
similar approach was used for a series of three open-
chain carotenoids.*® Although the trends of the S,
lifetime dependence on conjugation length were not
consistent in these works, it was obvious that the
conjugation length has no dramatic effect on the
S,—S; internal conversion rate. This result cannot be
explained by the energy gap law since the S,—S;
energy gap increases with conjugation length and
reaches nearly 10 000 cm™! for the $-carotene ana-
logue with 19 conjugated C=C bonds,>” while a value
of 3340 cm~! was observed for the carotenoid phy-
toene with 5 C=C bonds.%® Thus, a ca. 2-fold change
of the S,—S; internal conversion rate in the above-
mentioned series of carotenoids appears to be incon-
sistent with such a large narrowing of the S,—S;
energy gap. Frank et al. proposed that a higher
density of accepting vibrational modes could com-
pensate for the large S,—S; energy gap for longer
carotenoids, counteracting the decrease of S,—S;
internal conversion rate due to energy gap.*°

Direct measurements of the S, lifetime for caro-
tenoids with different conjugation lengths and struc-
tures provide further support to the hypothesis that
the S,—S; energy gap is not the only crucial factor
that determines the S,—S; internal conversion rate.
On the basis of the S,—S; energy gap, the S; lifetimes
should increase with conjugation length. However,
fluorescence up-conversion experiments on three
linear carotenoids neurosporene (N = 9),% spheroi-
dene (10),5* and rhodopin glucoside (11)%° revealed
S, lifetimes of ~230, 170, and 130 fs, respectively.
Thus, the S, lifetimes exhibit an opposite trend
than expected from the S,—S; energy gap. The S;
lifetimes of fS-carotene (11) in various solvents ob-
tained by fluorescence up-conversion fall into the
range 130—180 fs, confirming the pattern of in-
creased S,—S; internal conversion rate with conjuga-
tion length.*256 The effect of carotenoid structure on
S, lifetimes was investigated by fluorescence up-
conversion measurements on -apo-8'-carotene with
different end groups, yielding S, lifetimes in range
95-180 fs depending on the structure.®® Similar
results were obtained from transient absorption data.
Although the direct measurement of the S; lifetime
by fitting the rise of the S;—Sy excited-state absorp-
tion (Figure 2) usually suffers by an error as vibra-
tional relaxation in the S; state also contributes to
the S;—Sy rise (see section 3.4), this problem was
successfully treated by global analysis of kinetics
recorded over the whole S;—Sy band.®! In addition,
a recently discovered S,—Sy excited absorption band
occurring in the near-infrared region provided an-
other possibility to study the S, dynamics.6263 On the
basis of the transient absorption method, it was found
that the S, lifetime decreases in the order neuro-
sporene (N = 9, 320 fs) > spheroidene (10, 250 fs) >
lycopene (11, 130 fs).# Although these values differ
slightly from those obtained by fluorescence up-
conversion, the ‘reverse’ trend is apparent. Similar
results were recently obtained for various series of
both natural and synthetic carotenoids having con-
jugation lengths in the range of 7—15.547% Global
analysis of both S;—S\?° and S,—S\® kinetics of
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spirilloxanthin (N = 13) gave a S; lifetime of ~90 fs,
and fluorescence up-conversion yielded a spirillox-
anthin S; lifetime of 70 fs.58 These results further
confirmed the unusual trend of the S,—S; internal
conversion rate. A consistent explanation of these
observations is still missing. Besides higher density
of accepting vibrational modes that facilitates the
S,—S; internal conversion for longer carotenoids used
to explain virtually identical S; lifetimes for a series
of open-chain carotenoids,*® involvement of interme-
diate states in the S,—S; internal conversion was
recently proposed,4158469-72 resulting in complicated
relaxation schemes that will be discussed in section
3.5.

Nevertheless, it is worth noting that not all caro-
tenoids follow the trend of S, lifetime decreasing with
conjugation length: for peridinin, a highly substi-
tuted carotenoid having a conjugated carbonyl group,
allene group, and seven conjugated C=C bonds, the
S, lifetime of 56 fs was measured in methanol.*
Although no direct measurements of S, lifetimes of
other carotenoids containing conjugated carbonyl
group are available to date, the fact that this family
of carotenoids does not exhibit any appreciable S,
emission*®73 suggests that the very short lifetime is
likely common to all these carotenoids. This observa-
tion, showing that the carbonyl carotenoids do not
follow the trend of other types of carotenoids, can be
understood in terms of a more complicated structure
of the excited states of these carotenoids, involving
appreciable charge-transfer character.?1-2343-46 Re-
cent two-photon absorption experiments demon-
strated that this also leads to a significant mixing of
the S; and S; states,***> which is most likely the
cause of the observed short S, lifetimes of carbonyl
carotenoids.

3.2. S; State

As described in the previous section, after being
promoted to the S, state, a carotenoid molecule
undergoes fast relaxation on a time scale 50—300 fs
(depending on environment and structure of caro-
tenoid) to the lowest singlet excited-state S;, implying
that properties of the S; state are crucial for under-
standing photophysics of carotenoids. Because of the
forbidden nature of the Sy—S; transition, knowledge
about energetics and dynamics of this key excited
state was very limited. Since the theoretical predic-
tion in 1972 of the 2A,~ state being the lowest excited
state in longer polyenes and carotenoids,!! it took
more than 20 years until the energy of this state
could be determined experimentally for longer caro-
tenoids.

3.2.1. Energy of the S; State

The first attempt to localize the S; state experi-
mentally was carried out in 1977 by Thrash et al.,
who analyzed the Raman excitation profile of g-car-
otene and located its S; energy above 17 000 cm~1.74
However, this rather high value was questioned by
subsequent studies of polyenes’™ and carotenoids™®
that utilized the S; emission of shorter polyenes/
carotenoids. On the basis of a theoretical analysis of
excited states of polyenes,'® one can deduce that the
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S; energy of carotenoids decreases with conjugation
length, and this decrease is slightly steeper than for
the S, state, making the S,—S; gap larger for longer
carotenoids. As described above, this is the reason
for the characteristic switch between S, and S;
emission observed for conjugation lengths around 8.
Thus, carotenoids with N < 8 exhibit appreciable S;
emission with a maximum corresponding to the 0—2
vibrational band of the S;—S, transition, signaling a
substantial displacement of the S, and S, potential
surfaces.?”4% Consequently, spectral analysis of the
S; emission spectra enabled determination of the 0—0
origin of the S;—S, transition. Both Cosgrove’ and
DeCoster® used knowledge of the spectral origin of
the S;—S, transition for shorter polyenes/carotenoids
to extrapolate the S; energy of longer ones. They
showed that for a carotenoid having 11 C=C bonds
such as f-carotene, the S; energy must lie substan-
tially lower than the 17 000 cm~* proposed by Thrash
et al.,”* and on the basis of the extrapolation they
concluded that the S; state of g-carotene is located
between 13 000 and 14 000 cm~1.7576 With knowledge
of S; lifetimes of longer carotenoids (see below), the
extrapolation method was further improved by ap-
plication of the energy-gap law for radiationless
transitions,”” which led to refinement of the S-caro-
tene S; energy to 14 100 cm~1.7® In addition, the
energy-gap law was used to estimate S; energies of
a number of biologically important carotenoids such
as spheroidene, zeaxanthin, violaxanthin, antherax-
anthin, canthaxanthin, diatoxanthin, and diadinoxan-
thin.”8-8 Nevertheless, experimental verification of
these extrapolations was necessary, and the quest for
a reliable experimental method that would enable the
determination of the S; energy became one of the
dominating streams in carotenoid photophysics in
recent years.

Some properties of the S; state can be monitored
via its characteristic, strong S;—Sy excited-state
absorption (ESA) occurring in the visible spectral
range; the spectral profile is shown in Figure 3. Due
to symmetry reasons, the final Sy state must be of
B." symmetry to account for such a strong transition.
Consequently, it must be present also in the ground-
state absorption spectrum. Inspection of the UV part
of the absorption spectra of carotenoids reveals rather
broad absorption bands below 300 nm*>8! that were
assigned to states of B," symmetry.*® Then, knowing
the energies of the S;—Sy and Sy—Sn absorption
bands from transient absorption and steady-state
experiments, it would be possible to calculate the
energy of the S; state. However, attempts to deter-
mine the S; energy by this method failed due to two
reasons. First, higher B," states in the absorption
spectrum are rather structureless. Therefore, assess-
ment the 0—0 origin of the So—Sy transition suffers
from a significant error. Second, the S;—Sy ESA band
overlaps with ground-state bleaching; thus, the
S1—Sn ESA band observed in experiment does not
correspond to the full spectral profile of the S;—Sy
transition as the bleaching cuts its higher-energy
part (Figure 3). Nevertheless, the shape and position
of the S;—Sy band is, similarly to the ground-state
absorption spectrum, a fingerprint of a carotenoid
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molecule. As shown in Figure 3, dependence of the
S1—Sny maximum on conjugation length always fol-
lows that of the Sp—S; transition, but the shift of the
S1—Sn band is usually larger. Even though no clear
vibrational structure of the S;—Sy band was observed
so far (with exception of a ‘compensated’ S;—Sy
spectrum of lycopene in CS,8?), the vibrational struc-
ture of the absorption spectrum is imprinted into the
shape of the S;—Syn ESA band. Linear carotenoids
with highly resolved vibrational peaks in their ground-
state absorption spectrum have a sharp, narrow
S1—Sn ESA band, while significant broadening of the
S1—Sn ESA is observed for carotenoids with a less-
structured absorption spectrum (Figure 3). Thus,
although S;—SyN ESA can give information about
certain properties of the S; state (especially about the
lifetime as described below), different techniques are
needed to determine the S; energy.

Until the late 1990s, experimental studies to locate
the S; energy relied on progress in fluorescence
detection techniques that enabled detection of weak
Si emission even for carotenoids with N > 9. Due to
very low quantum yields of the S; emission, on the
order of 1075—107 3840 and to substantial overlap
with the dominating S, emission for longer caro-
tenoids, these measurements required extremely
precise detection to analyze the spectral profile of the
S; emission. The first room-temperature fluorescence
spectrum of B-carotene reported by Bondarev® dis-
played a weak, distinct band that was assigned to S;
emission, with its 0—0 spectral origin being located
at 13200 £+ 300 cm™1. This value is significantly
below the values predicted by extrapolations,”® but
as shown later, this inconsistency was mainly due
to a rather poor signal/noise ratio that did not allow
resolution of the vibronic structure of the S; emission
and, consequently, separation of vibronic bands from
overlapping contributions of S, and S; emissions.
Nevertheless, the important conclusion of this ex-
periment was that the S; energy is much less sensi-
tive to solvent polarizability than the S, state: while
S, emission shifts significantly going from n-hexane
to CS;, the weak S; emission is very little affected.®3
Later, more accurate measurements of 5-carotene S;
emission revealed the vibronic structure of the S;
emission band® that enabled a more detailed analy-
sis of the vibronic transitions. On the basis of the fact
that the maximum of the S; emission corresponds to
the 0—2 vibrational band, these authors concluded
that the 0—0 origin of the S;—S, transition must be
completely hidden under the red tail of the strong S;
emission band, and the low S; energy reported by
Bondarev et al.8% was concluded to be one vibronic
band (~1300 cm™?!) too low due to their wrong
assignment of vibronic bands. Spectral analysis
performed by Andersson et al.3® positioned the S;
energy of B-carotene in CS; at 14 200 4+ 500 cm™2,
which, despite rather high error, was in good agree-
ment with the energy-gap law extrapolations. A
slightly higher value of 14500 + 150 cm™! was
reported on the basis of analysis of S; emission of
B-carotene in n-hexane at 170 K.5?

Motivated by the key importance of the S; energy
for understanding energy-transfer pathways, the S;
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energy of carotenoids playing a role in photosynthetic
light harvesting was also located by measurements
of weak S; emission. The S; emission analysis of
neurosporene (N = 9) and spheroidene (N = 10) in
n-hexane placed the S; energy at 14 200 cm™* for
spheroidene, while the S; state of the shorter neu-
rosporene was correspondingly higher at 15 300 cm™3,
again in a good agreement with the energy-gap law
predictions.®® Decrease of temperature from 293 to
170 K exposed more pronounced vibrational structure
of the S; emission, and the quantum vyield of S;
emission was lower at low temperature, but no shift
of the S; emission spectrum with temperature was
revealed, suggesting that the S; energy is tempera-
ture independent.>® However, fluorescence measure-
ments of violaxanthin (N = 9) and zeaxanthin (N =
11), two carotenoids involved in the xanthophyll cycle
in higher plants,” showed different results. At room
temperature, the S; energies of violaxanthin and
zeaxanthin were determined to be 14 880 4+ 90 and
14 550 4+ 90 cm™, respectively,®* in fact much more
similar than predicted from the energy-gap law.”
Different values, however, were obtained at 77 K in
EPA glass, where better resolution of vibrational
bands was achieved. While the S; energy of zeaxan-
thin at 77 K was only a little higher than at room
temperature (14 610 cm™1), a significant shift of the
violaxanthin S; state was observed; it was located at
15580 + 60 cm™%, 700 cm™! higher than at room
temperature.® Since the room-temperature S; energy
of violaxanthin was determined to be significantly
below 15000 cm™ also by other methods,® this
observation is quite intriguing and remains unex-
plained.

Recently, fluorescence spectroscopy was used to
resolve the S; energy of even longer carotenoids. Fujii
et al.%! recorded fluorescence spectra of lycopene
(N = 11), anhydrorhodovibrin (N = 12), and spiril-
loxanthin (N = 13) in n-hexane, concluding that
their S; energies are 13 300, 12 500, and 11 900
cm™1, respectively, and independent of tempera-
ture. For these long carotenoids the extremely weak
S1 emission does not exhibit any pronounced vibra-
tional structure. The determination of the 0—0 spec-
tral origin therefore relies on estimation of the
width of vibrational bands and assumption of the
0—2 vibrational band being the maximum of the
S: emission. Although such fitting can suffer from a
considerable error, on the basis of spectral analy-
ses of S; emissions of shorter carotenoids this pro-
cedure usually generates reasonable results. For
the study by Fujii et al.,5 fitting is further compli-
cated by the presence of another state claimed by
the authors, which contributes to the fluorescence
spectrum (see section 3.3). Thus, the vibrational
bands of the three states overlap significantly, which
makes the fitting rather ambiguous. However, de-
spite all these complications the extracted S; ener-
gies are in good agreement with the energy-gap
law predictions and also fit the extrapolations made
from shorter carotenoids whose S; energies were
determined by fluorescence spectroscopy.’”® The S;
energies of various carotenoids are summarized in
Table 1.
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Another steady-state technique aiming to deter-
mine the energy of a one-photon forbidden state is
based on Raman spectroscopy, and its application to
locate the S; state of carotenoids was developed
mainly by Koyama and co-workers. The ground-state
Raman spectrum of carotenoids in the frequency
region 1000—1800 cm™! is dominated by two Raman
lines at ~1500 and ~1150 cm™* (the exact frequencies
of these lines depend on carotenoid), which cor-
respond to symmetric stretching C=C and C-C
vibrations of the conjugated backbone.® Under reso-
nance Raman conditions, when the excitation light
is in resonance with an electronic transition of the
studied molecule, the intensities of the Raman lines
are greatly enhanced. Thus, tuning the detection to
the frequency of either C=C or C—C stretching modes
and scanning the excitation light over a broad
spectral range, a resonance Raman profile can be
obtained. The high sensitivity of Raman line intensi-
ties to the resonance conditions enables detection of
even dark states with very low transition dipole
moments.

The first resonance Raman profile of a carotenoid
S, state was recorded for the C—C and C=C stretch-
ing modes of S-carotene, detecting a peak at 14 600
cm~1.87 However, the dominating peak contained a
high-energy shoulder that was ascribed to contami-
nation by an infrared-active mode at 966 cm™.
Consequently, analysis of this profile gave an 0—0
energy of the Sp—S; transition of 13 600 cm~.%7 Later,
a better resonance Raman profile of g-carotene was
recorded by Hashimoto et al.,® placing the S; energy
of B-carotene at 14 500 cm~*. Given the reasonable
agreement with both theoretical predictions and
earlier fluorescence results, measurements of reso-
nance Raman profiles were extended to other caro-
tenoids. Resonance Raman profiles of crystalline
spheroidene at 100 K displayed a pronounced vibra-
tional progression of the S; state.®? Both C—C and
C=C stretching modes had a common origin at
14 200 cm™! that was assigned to the 0—0 origin of
the Sp—S; transition. Since the vibrational progres-
sion of the resonance Raman profile reflects the
vibrational bands of the S; state, the different spac-
ings between the vibrational peaks assigned to the
C—C and C=C stretching modes could be used to
obtain frequencies 1150 and 1500 cm~* for C—C and
C=C stretches, respectively.?® While in the case of
the C—C stretching mode this result agrees with
known S; state stretching frequencies measured by
means of time-resolved Raman spectroscopy, it con-
tradicts the known fact that the C=C stretching
frequency is significantly higher in the S; state,
reaching nearly 1800 cm~1.°° The same problem with
the C=C stretching frequency in the S; state being
too low appeared when resonance Raman profiles of
lycopene (N = 11), g-carotene (N = 11), and mini-9-
B-carotene were measured.'* Although both stretch-
ing modes have the same 0—0 origins of the Sy—S;
transition located at 13 200 (lycopene), 14 670 (5-
carotene), and 15 750 cm™* (mini-9-f-carotene), the
spacing of vibrational bands in the S; state failed to
reproduce the higher frequency of the C=C stretching
mode in the S; state. Explanation of this discrepancy
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waits for further experimental and theoretical analy-
sis. It is also worth noting that this technique suffers
a similar problem as with the detection of S; fluo-
rescence; because the Spy—S, transition is strongly
allowed, the intensity of Raman lines will be several
orders of magnitude higher when the excitation is
in resonance with the allowed Sy—S; transition than
when in resonance with the forbidden Sy—S; transi-
tion. Accordingly, similar to fluorescence, the So—S;
profile could be completely superimposed on the red
wing of the Sp—S; transition preventing reliable
analysis. Contrary to fluorescence detection, however,
for resonance Raman profiles a particular transition
could be suppressed by self-absorption, causing the
intensity of bands in the resonance Raman profile to
be strongly dependent on the concentration of the
sample and the optical geometry of the experiment.5°
Thus, by a proper choice of sample concentration and
experimental arrangement, the strong Sy—S; transi-
tion can be filtered out from the resonance Raman
profile, allowing observation of the Sy—S; profile.®®
Despite problems to reproduce vibrational frequen-
cies in the S; state, resonance Raman profiles proved
to be a useful method to locate the 0—0 origin of the
carotenoid S; state. Extracted values match well
those recorded by fluorescence (although the values
for longer carotenoids are systematically lower than
those obtained from fluorescence as seen in Table 1),
and they also fit into the range of S; energies
predicted by the energy-gap law. In addition, varying
the concentration of the sample in a wide range led
to detection of other dark carotenoid states lying
between the S; and S, states (see section 3.3).

A different approach employing femtosecond time-
resolved spectroscopy to locate the S; energy of
carotenoids, based on the fact that the S;—S; transi-
tion is symmetry allowed, emerged in 1999.81 A
femtosecond excitation pulse populates the lowest
vibrational band of the well-characterized S, state
to avoid contribution from vibrational relaxation
within this state. The excited molecule then relaxes
to the S; state on the time scale of 50—300 fs as
described in section 3.1. By scanning the wavelength
of the probe pulse within the time window dictated
by the lifetime of the S; state, the S;—S, resonance
can be found. Given the known spectral profile of the
S, state and lifetime of the S; state, the S;—S;
transition must (1) reflect the spacing between the
S, vibrational bands; (2) decay with the S; lifetime.
If these two conditions are fulfilled, the energies of
the vibrational bands of the S;—S; transition can be
determined. The location of the carotenoid S; state
can then be obtained, since its 0—0 spectral origin
can be calculated from the spectral origins of So—S;
and S;—S; transitions.8! Although this approach is
quite straightforward, its application was compli-
cated by the necessity to have tunable femtosecond
pulses in the 1-2 um spectral range where the
S1—S; transition is expected. Along with availability
of sources generating such pulses in the late 1990s,
this method became a powerful tool to study the
properties of the S; state of carotenoids. Typical
S1—S, profiles of two carotenoids with different
conjugation lengths are shown in Figure 5.
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Figure 5. Transient absorption spectra of spheroidene in
n-hexane (open circles) and violaxanthin in methanol (full
squares) in the spectral region 850—1750 nm representing
the spectral profile of the S;—S; transition. The spectra
were recorded 3 ps following excitation at 490 (spheroidene)
and 480 nm (violaxanthin). The solid and broken lines are
results of fitting the spectra to a sum of Gaussian profiles.

The first application of this method was used to
locate the S; energies of two carotenoids, violaxanthin
and zeaxanthin, that participate in the xanthophyll
cycle of higher plants.®! Transient absorption spectra
recorded for both carotenoids in the spectral region
900—1600 nm resembled well the characteristic
three-peak structure of the S, state, with vibrational
spacing matching perfectly that observed in the
ground-state spectrum (see Figure 5 for the S;—S,
spectrum of violaxanthin). In addition, the whole
near-infrared transient absorption spectrum decayed
with a time constant of 8.8 ps for zeaxanthin and 25
ps for violaxanthin, thus agreeing with the known
S; lifetimes of these carotenoids (see below). Conse-
guently, it was concluded that the recorded transient
absorption spectrum indeed reflected the spectral
profile of the S;—S, transition and the well-resolved
vibrational bands allowed for the location of the 0—0
origin of the S;—S; transition, peaking at 7010
(zeaxanthin) and 6950 cm™! (violaxanthin). Then,
with the knowledge of the S;—S; and So—S; transition
energies, the position of the S; level of both caro-
tenoids was determined by simple subtraction. To
improve the precision, both the 0—0 and 0—1 transi-
tions of the steady-state and transient absorption
spectra were used, leading to an S; energy of 14 030
=+ 90 cm™! for zeaxanthin and 14 470 + 90 cm™* for
violaxanthin.8® Although these values fall into the
range of energies expected for carotenoids with these
conjugation lengths, using an experimental approach
exploiting the allowed S;—S; transition (while the
methods used before relied exclusively on detec-
tion of weak signals originating from the forbidden
S1—S, transition) revealed a number of interesting
new features that ignited lively discussions about the
S; state of carotenoids.

First, the S;—S; spectra of violaxanthin (N = 9) and
zeaxanthin (N = 11) are almost the same, indicating
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that the S;—S; energy gap is not much affected by
the conjugation length, and both the S; and S, states
are shifted by about the same energy with increased
conjugation. In addition, the difference between the
S; energies of these two carotenoids is significantly
smaller than predicted by extrapolations using the
energy-gap law; while the S; energy of zeaxanthin is
close to the expected one, for violaxanthin having a
conjugation length of 9, the extrapolations predict an
S; energy above 15 000 cm~1,7® substantially higher
than the 14 470 cm™! extracted from the S;—S;
spectra. Thus, this new approach demonstrated that
extrapolations from the energy-gap law are not
straightforward when carotenoids with different
structures are compared. This conclusion was later
confirmed by detecting S; emissions of violaxanthin
and zeaxanthin.8

Since recording of S;—S; spectra proved to be a very
useful technique to establish S; energies of caro-
tenoids, subsequent studies of various carotenoids
followed. A more detailed study, including tempera-
ture dependence, was performed on spheroidene (N
= 10) and revealed additional subtleties of the
S;—S; spectra.®? The analysis of the S;—S, spectrum
supported by simulations proved that the observed
bands correspond to three vibrational levels of the
S, state, with the 0—0 transition being the strongest
one (Figure 5), suggesting only a small shift between
the S; and S, potential surfaces. Interestingly, the
energy of the 0—0 spectral origin of the S;—S;
transition at 7300 cm™? put the spheroidene S; state
at 13 400 + 90 cm™%, about 800 cm™? lower than the
energy obtained from fluorescence and resonance
Raman measurements. This intriguing result was
explained as a result of different carotenoid configu-
rations occurring in the S; state. It was proposed that
the crucial difference leading to different results
when different techniques are used lies in the fact
that while the S;—S, technique probes an allowed
transition, fluorescence and resonance Raman moni-
tors a forbidden transition. With a statistical distri-
bution of conformers in the S; state, fluorescence and
resonance Raman techniques detect predominantly
the conformations deviating from the idealized Cyp,
symmetry, since these have the S;—S, transition least
forbidden. An exactly opposite situation holds for the
allowed S;—S; transition, because the least distorted
conformations give the dominant contribution to the
S1—S; spectrum. The difference in S; energies ob-
tained by the different techniques is consequently a
result of the fact that each technique probes a
different subset of S; state conformations.5? This
implies that the spheroidene S; energy of 13 400 cm™?
obtained from the S;—S, spectra corresponds to the
S: energy of the all-trans configuration, while the
higher energy of 14 200 cm~*! was assigned to con-
formations deviating from the ideal C,, symmetry.
This hypothesis is further supported by the fact that
the 0—0 band of the S;—S; transition exhibited a clear
asymmetry, having a shoulder on the low-energy
side. If the S; energy is calculated on the basis of this
shoulder, a nearly perfect match with the energies
determined from S; fluorescence and resonance Ra-
man was found. Accordingly, it was concluded that
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the low-energy shoulder in the S;—S; spectra is due
to the distorted S; conformations.®?

To date, S;—S, spectra of violaxanthin,®! zeaxan-
thin,® spheroidene,’? lycopene,®® rhodopin gluco-
side,®? spirilloxanthin,®” peridinin,?*#4 spheroide-
none,* siphonaxanthin,*® and fucoxanthin*® have
been reported. The resulting S; energies, together
with those obtained by other techniques, are sum-
marized in Table 1. Except for rhodopin glucoside,
for which emission or resonance Raman data are
not available so far, the S; energies extracted from
S1—S; spectra are systematically lower than those
determined by fluorescence and/or resonance Raman
spectroscopy, with the difference depending on caro-
tenoid structure. The difference is almost negligible
for the carbonyl carotenoids peridinin, fucoxanthin,
and siphonaxanthin,*¢4° put the S; state properties
of these carotenoids are markedly different from
those without a carbonyl group (see below). The
difference found for the linear carotenoids spheroi-
dene and lycopene (800 cm™?) is about twice that
revealed for violaxanthin (400 cm™1) and zeaxanthin
(500 cm™1). The latter have a more complicated
structure, leading to a more restricted ability to form
conformers than for their linear counterparts. The
‘conformational’ hypothesis is further supported by
measurements on the long (N = 13), linear carotenoid
spirilloxanthin. For this carotenoid, the 0—0 band of
the S;—S; transition is significantly broader, signal-
ing a much wider distribution of S; conformers.” In
addition, spirilloxanthin is known to isomerize spon-
taneously on a time scale of minutes.®® Thus, ground-
state conformers are inevitably present in measure-
ments of both S;—S, spectra®” and fluorescence.?!
Therefore, the actual difference between these two
techniques is slightly smaller than for other linear
carotenoids (Table 1).

Besides these three techniques, which are currently
the most widely used to locate the carotenoid S; state
in solution, a few studies using other approaches
were also reported. First, an approach based on two-
photon excitation spectra is a promising tool, since
the Sp—S; transition is two-photon allowed.’® How-
ever, use of this technique in solution is rather
limited, since it relies on detection of the S; fluores-
cence. Thus, the two-photon absorption was success-
fully used for the carbonyl carotenoid peridinin that
exhibits substantial S; emission.*345 An alternative
approach to measure two-photon excitation spectra
that requires combination with time-resolved tech-
niques was developed.®*% To overcome complications
with detection of weak fluorescence, the two-photon
excitation spectra were measured using detection of
the strong S;—Sy ESA. Two-photon excitation profiles
of the S; state of f-carotene and lutein were re-
corded,® demonstrating the feasibility of such mea-
surements. However, a poor signal/noise ratio did not
allow evaluation of the 0—0 origin of the S; state with
high enough precision; the low-energy onset of the
two-photon excitation spectrum is around 13 400
cm™1, suggesting an S; energy in the range 14 000—
15 000 cm™* for both carotenoids. The real power of
the two-photon excitation spectra is manifested for
locating the S; state in light-harvesting complexes,
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where emission from (B)Chls occurring as a conse-
guence of energy transfer is detected (see section 4.1).
It must be noted that much earlier a technique called
consecutive two-photon absorption spectroscopy was
applied to find the S; state of a double carbonyl
carotenoid canthaxanthin (95202), but the reported
energy of 15267 & 100 cm™! is clearly too high for
such a long carotenoid.%

To complete the list of various techniques to assess
the S; energy of carotenoids, two more approaches
must be mentioned. First, Bettermann et al. applied
intracavity absorption spectroscopy on carotenoids.®”
This technique employs a specially designed ring dye
laser with the sample cuvette placed directly into the
laser resonator. In this arrangement, small changes
of sample absorbance will cause strong reductions in
laser amplification and, consequently, a significant
decrease of intensity of the laser light, enabling
detection of very weak transitions. The intracavity
absorption measurements were employed to study
the properties of a model carotenoid having conjuga-
tion length 9 (702). The extracted S; energy was
15 200 cm™t, and based on the analysis of patterns
of the promoting vibrational modes, it was also
concluded that the second triplet state T, occurs in
the vicinity of the S; state.®” Second, a method based
on pulsed near-edge X-ray absorption spectroscopy
(NEXAFS) was introduced recently.®®° A sharp peak
below the carbon K-edge in the NEXAFS spectrum
gives the energy of the first excited state with respect
to the ionization potential of the molecule. Together
with application of photoelectron spectroscopy, which
enables estimation of the energy of the HOMO
orbital, and quantum chemical calculations, the
authors placed the energy of the -carotene Sp—S;
transition at 15 400 cm~1.%8 This energy is about 1000
cm~! higher than that determined by other methods
(Table 1), and it is not easy to trace the origin of this
discrepancy. However, the complicated nature of the
experiment and uncertainty caused by calculations,
together with sample preparation including the high-
temperature (180 °C) deposition of p-carotene on
Si3N, foils that are measured in an ultrahigh vacuum,
makes a direct comparison with other methods rather
difficult.

Comparing all the methods used to locate the S;
energy of carotenoids, it is clear that all of these
methods have their own advantages and disadvan-
tages, and success of their application depends on the
studied system. While fluorescence and resonance
Raman methods are useful tools for measurements
of the S; energy of shorter carotenoids in solution,
their use is rather limited for carotenoids having
more than 10 C=C bonds, since the signals become
extremely weak, putting constraints on a reliable
data analysis. On the other hand, the S;—S; spectra
are more reliable for longer carotenoids, since the
longer carotenoids exhibit a larger S;—S; energy gap,
shifting the S;—S, profile toward higher energies,
thus making the detection easier. For carotenoids
with N < 9, the 0—0 band of the S;—S; transition
can extend below 5000 cm™, where vibrational
overtones originating from solvent may occur. Al-
though higher vibrational bands of the S;—S; transi-
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tion can be used to calculate the S; energy,?346 the
precision is certainly lower in such a case. For
S1—S; spectra, another complication arises from the
fact that the extinction coefficient of the S;—S;
transition is about 10 times smaller than that of the
S;—Sy transition, setting strong requirements on the
signal/noise ratio. This, together with more compli-
cated detection in the near-infrared region, prevents
recording S;—S; spectra with diode-array detection,
which is nowadays standard for measurements of the
S1—Sn transition. Despite these complications, the
S1—S, method is the only one providing information
about both the energy and lifetime of the S; state,
which makes it very useful in establishing excited-
state properties. In addition, if future experiments
confirm the validity of the ‘conformational’ hypoth-
esis, the S;—S; method together with two-photon
absorption are the only techniques enabling deter-
mination of the S; energy of the all-trans conforma-
tion. For the intracavity absorption and NEXAFS
methods, the limited amount of reported data pre-
vents direct comparison with other methods, and
assessment of their usefulness for measurements of
the S; energy therefore awaits future experiments.

Beyond solution, in the protein environment of
various carotenoid-binding proteins, application of
these methods is more restrictive (see section 4). For
light-harvesting complexes containing (B)Chls in
addition to carotenoids, utilization of fluorescence
and resonance Raman techniques is not technically
possible. For fluorescence, a much stronger emission
from (B)Chls covers the weak S; emission, making
it impossible to detect. For the measurements of
resonance Raman profiles, which requires high-
concentrated crystalline samples to achieve the re-
quired sensitivity,'48% it is not feasible to perform
measurements on protein complexes. Measurements
of S;—S, spectra can be applied without serious
restrictions to carotenoids in both solution and
protein complexes, making this technique very uni-
versal, although spectral analysis of the S;—S; profile
is more complicated due to the presence of excited-
state absorption signals from (B)Chls. The two-
photon technique is very useful for light-harvesting
complexes. Due to carotenoid—(B)Chl energy trans-
fer, two-photon excitation profiles can be detected via
(B)Chl emission, provided that the S; state is in-
volved in energy transfer. Applications of these
methods to carotenoids in the protein environment
will be described in more detail in section 4.

3.2.2. S; Lifetime

Although not directly useful for determination of
the S; energy, measurements of the S;—Sy ESA
signals have been widely used to obtain S; lifetimes.
The first work in the late 1980s by Wasielewski and
Kispert gave the S; lifetimes of s-carotene (N = 11,
8.4 ps), canthaxanthin (N = 13, 5.2 ps), and 5-apo-8'
carotenal (N = 10, 25.4 ps).'8 This pioneering work
was followed by a number of studies on various
carotenoids that established not only the S, lifetimes
but also their dependence on conjugation length,
carotenoid structure, and environment (Table 2 and
Figure 6). A systematic dependence of the S; lifetime
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Table 2. S; Lifetimes of Carotenoids without a
Conjugated Carbonyl Group?

carotenoid® N¢ 751 (pS) ref
dodecapreno-f-carotene* 1762 0.5 57
decapreno-f-carotene* 1362 1.1 57
tetradehydrospheroidene* 13 1.1 38
spirilloxanthin 13 1.4 20,72
anhydrorhodovibrin 12 2.2 72
didehydrospheroidene* 12 2.7 38
didehydrospheroidene* 11 3.9 38
lycopene 11 4-4.7 72,100, 178
rhodopin glucoside 11 4.2—-4.8 59,92
15,15-cis-spheroidene 10 7 103
p-carotene 952  9-11 100, 101, 165
zeaxanthin 932 9 79, 81, 100
spheroidene 10 8-9.5 22, 38,62,178
diatoxanthin 9A51 13.3 80
lutein 951 14 102, 293
antheraxanthin 951 14.4 79
nonaene* 9 18 40
neurosporene 9 21.2 178
diadinoxanthin 9A 22.8 80
violaxanthin 9 24 79, 81
dihydrospheroidene* 9 25.4 38
neoxanthin 8A 35 22
m9-S-carotene* 762 52 39
octaene* 8 68 40
tetrahydrospheroidene* 8 85 38
m8-f-carotene* 652 96 39
m7-f-carotene* 552 282 39
heptaene* 7 290 40
tetrahydrospheroidene* 7 407 38
m5--carotene* 32 2700 39

a All values refer to measurements at room temperature.
b Carotenoids marked by asterisk are synthesized carotenoids
that do not occur naturally. ¢ Conjugation length. See caption
of Figure 1 for description.

o lycopene (4.2 ps)
spheroidene (8.5 ps)
violaxanthin (24 ps)

o

AA (a.u.)

0 10 20 30 40 50 60
Time (ps)

Figure 6. Kinetics representing decay of the S; state
recorded at the maximum of the S;—Sy transition of
lycopene (N = 11) in n-hexane (circles), spheroidene (10)
in n-hexane (squares), and violaxanthin (9) in methanol
(triangles). Solid lines represent monoexponential fits of
the decays yielding S; lifetimes of 4.2 (lycopene), 8.5
(spheroidene), and 24 ps (violaxanthin). Excitation wave-
lengths were 480 (violaxanthin), 490 (spheroidene), and 510
nm (lycopene).

on conjugation length was demonstrated for a few
series of carotenoid analogues. For example, mea-
surements on spheroidene analogues yielded life-
times of 400 (N = 7), 85 (8), 25 (9), 8.7 (10), 3.9 (11),
2.7 (12), and 1.1 ps (13).%8 A similar dependence was
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found for a f-carotene series, although the actual
lifetimes were slightly different: 282 (7), 96 (8), 52
(9), and 8.1 ps (11).%° Apart from the conjugation
lengths 7—13 that are characteristic of carotenoids
occurring in natural systems, a few studies of caro-
tenoids with both shorter and longer conjugation
lengths added more experimental data to the conju-
gation length dependence of the S; lifetimes. A S;
lifetime of 2.7 ns was found for a very short -caro-
tene analogue with N = 5,3 and an even longer S;
lifetime was estimated for the naturally occurring cis-
phytofluene (N = 5) on the basis of the quantum yield
of the S; emission.® On the longer conjugation side,
S; lifetimes of 2.5, 1.1, and 0.5 ps were obtained for
B-carotene analogues with 13,56 15, and 19%7 conju-
gated C=C bonds, respectively, confirming the de-
crease of the S; lifetime with conjugation length as
was successfully explained by the energy-gap law.3878

The effect of carotenoid structure on S; lifetimes
can be evaluated from a number of studies measuring
S; lifetimes of various carotenoids. In fact, observed
changes of the S; lifetime can be in most cases
rationalized as a deviation of carotenoid structure
from the ideal polyene C,, symmetry, causing a
decrease of the effective conjugation length. As an
example, one can consider carotenoids having N =
11. For the linear unsubstituted carotenoid lycopene,
the S; lifetime is ~4 ps.7282100 For spheroidenone, a
linear carotenoid containing 10 C=C bonds and one
C=0 group, the S, lifetime is prolonged to 6 ps,??46
because the conjugated carbonyl group that is in a
s-cis position relative to the C=C conjugated back-
bone makes the effective conjugation length slightly
shorter than that for the full 11 C=C conjugation in
lycopene. Further prolongation of the S; lifetime to
9 ps is noticed for S-carotene,®%11 in which two
C=C bonds are located in the terminal g-ionylidene
rings, leading to even shorter effective conjugation.
The carotenoid diatoxanthin has an even longer S;
lifetime of 13 ps, because its 9 C=C conjugation is
terminated by a f-ring at one side and the 11th
C=C bond of the conjugated chain at the opposite end
is an allene moiety, leading to further shortening of
the effective conjugation length.®® The observed life-
time of 13 ps is in fact almost the same as for its
counterpart without the allene moiety, lutein, which
has an S, lifetime of 14 ps,12 signaling only a minor
extension of conjugation to the allene moiety in the
case of diatoxanthin. A similar effect of a terminal
allene moiety occurs for neoxanthin having 8 C=C
bonds and the allene moiety. The neoxanthin S;
lifetime of 35 ps?? is shorter than the ~70 ps expected
for N = 8, but it is clearly longer than 20—25 ps
anticipated for a carotenoid having N = 9.40

In contrast, various substituents that are not in
contact with the conjugated backbone have no effect
on S; lifetime (see Table 2). Rhodopin glucoside (N
= 11), possessing a glucoside ring at the end of the
linear conjugated chain, has the same S; lifetime of
4 ps as its nonsubstituted counterpart lycopene.
Similarly, violaxanthin (N = 9), with its terminal
rings containing epoxy groups decoupled from the
conjugated backbone, has a lifetime of 24 ps, the
same as that observed for the unsubstituted N = 9
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carotenoid neurosporene. It is worth noting, however,
that although substituents decoupled from conjuga-
tion have no effect on S; lifetime, introduction of a
large group into the carotenoid structure can cause
formation of a wider distribution of ground-state
conformers. Rhodopin glucoside is a good example as
the large glucoside group at the end of the conjugated
backbone makes the molecule highly asymmetric; the
vibrational bands in the rhodopin glucoside absorp-
tion spectrum are much less resolved than those of
lycopene.®?1% For symmetric substituents, as in the
case of violaxanthin, this effect is less pronounced.81:84
The presence of small groups (such as hydroxyl) has
no effect on either the S; lifetime or absorption
spectrum: from a photophysical point of view, S-car-
otene and zeaxanthin are virtually identical mol-
ecules.1® Interestingly, although isomerization in the
middle of the conjugated chain could be viewed also
as a decrease of effective conjugation, a shortening
of the S; lifetime was reported for a locked spheroi-
dene isomer.1% The observed effect is small, but a
clearly shorter S; lifetime of 7.1 £+ 0.1 ps for the
15,15'-cis-spheroidene was observed, as compared
with 8—9 ps for its all-trans counterpart (Table 2).

While there is in fact no information about the
temperature dependence of the S, lifetime, a few
studies of the temperature effect on S; lifetime were
performed. Single-photon counting measurements of
the S; emission of mini-9-4-carotene (N = 9) revealed
a significant increase of the S; lifetime from 60 ps at
293 K in toluene to 130 ps at 77 K in 3-methylpen-
tane.®® A comparable increase of the S; lifetime was
observed for a shorter mini-8-4-carotene (100 ps at
293 K and 280 ps at 77 K).%® A markedly smaller
effect was reported for spheroidene, yielding an S;
lifetime of 8 ps at room temperature and 9.5 ps at
186 K in n-hexane.®?

For the carotenoids without a conjugated carbonyl
group there is almost no solvent effect on the S;
lifetimes. Frank et al.?? performed a systematic study
showing the dependence of the S, lifetime on solvent
parameters. The S; lifetime of spheroidene was, with-
in experimental error, the same (8—9 ps) in all inves-
tigated solvents, ranging from the nonpolar n-hexane
to the polar solvents methanol and acetonitrile. The
same lifetime of 9 + 1 ps was also recorded in the
highly polarizable CS;, and no effect of hydrogen-
bonding solvents was detected,?? confirming that
solvent parameters have no effect on S; lifetime.
Similar results, although for a smaller range of sol-
vents, were reported for neoxanthin,?? zeaxan-
thin,’®841% |ycopene,8219° B-carotene,® and apo-j-
carotene.*” In all cases, the S; lifetime remains, with-
in experimental error, the same regardless of solvent
parameters. Nonetheless, a few recent studies have
demonstrated that this rule is dramatically violated
for carbonyl carotenoids,?'~2344747 whose unique S;
state properties are described in the next section.

3.2.3. S; State of Carbonyl Carotenoids

Carbonyl carotenoids attracted attention mainly
due to their specific occurrence in light-harvesting
antennae of algae.'®* The three most abundant,
fucoxanthin, siphonaxanthin, and peridinin (Figure
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1), were investigated in the early 1990s by fluores-
cence spectroscopy.*®” Comparison of absorption and
emission properties of these three carbonyl caro-
tenoids in CS, with those observed for their counter-
parts having similar structure but lacking the car-
bonyl group suggested that the carbonyl group
markedly changes the spectroscopic properties. Al-
though fucoxanthin and neoxanthin have very simi-
lar structures, introduction of the carbonyl group into
fucoxanthin causes a slight red shift of the absorption
spectrum. In terms of the effective conjugation length,
this red shift is rather surprising, since exchange of
one C=C bond by a C=0 group should create shorter
effective conjugation and, accordingly, a blue-shifted
absorption spectrum. In addition, contrary to neox-
anthin that emits predominantly from its S, state,
fucoxanthin exhibits solely S; emission.*®”® The S;
emission is characteristic of the carbonyl carotenoids
studied so far, with an exception of the long sphe-
roidenone (100).*° This makes location of their S;
energies quite straightforward. The S; fluorescence
spectra of fucoxanthin, siphonaxanthin, and peridinin
are nearly identical, putting their S; energy in the
range of 16 000—16 500 cm™, regardless of their
different structures.*®

The first measurement of the S; lifetime for car-
bonyl carotenoids was performed on peridinin in CS,
yielding a time constant of 103 ps,% which was in
the range expected for a carotenoid with S; energy
above 16 000 cm~*. However, a transient absorption
spectroscopy study of peridinin in two solvents with
different polarity,'¢ followed by a systematic inves-
tigation of the dependence of peridinin properties on
solvent parameters,?* showed that the peridinin
excited-state properties differ significantly from those
known for non-carbonyl carotenoids (Table 3). While

Table 3. S; Lifetimes of Carotenoids Having a
Conjugated Carbonyl Group?

7s1 (PS)
carotenoid® Ne nonpolard  polare ref

peridinin 7LOA 160—170 10f 21-23
uriolide acetate 8LO 7077 26—-46 22
fucoxanthin 70A 60—-70 23-35 22,46
siphonaxanthin 80 58 20 46
apo-f-caroten-8-al* 80p41 26.49 8.4 a7
apo-p-caroten-6-al* 90p51 129 6.3 a7
okenone 10061 8 n.m. 151
spheroidenone 100 6 6 22,46
hydroxyechinenone 9520 6 6 284

canthaxanthin 98202 5.2" n.m. 18

a All values refer to measurements at room temperature.
n.m. = not measured. ? Carotenoids marked by asterisk are
synthesized carotenoids that do not occur naturally. ¢ Conju-
gation length. See caption of Figure 1 for description. 9n-
Hexane or CS,. ¢ Methanol or acetonitrile. f Value refers to the
excitation close to absorption maximum. Shorter lifetimes can
be observed after excitation of the red wing of the absorption
spectrum in protic solvents. See text for details. 9 In 3-meth-
ylpentane. " In toluene.

in nonpolar solvents the S; lifetime was about 160
ps, an increase of solvent polarity in middle-polarity
solvents such as tetrahydrofuran or propanol caused
a shortening to 50—80 ps. In the polar solvents
methanol and acetonitrile, the S; lifetime was more
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than 1 order of magnitude shorter than in nonpolar
solvents (12 and 7 ps, respectively).?! By comparing
with time-resolved studies on other molecules, a
model was proposed in which the presence of a new
state with charge-transfer character in the excited-
state manifold plays a crucial role in polar solvents.
In some solvents, the intramolecular charge-transfer
(ICT) state was suggested to lie below the S; state of
peridinin, resulting in quenching of the S; state and
hence to a shorter S; lifetime. This interpretation was
recently supported by ab initio calculations using
time-dependent density functional theory.%” As shown
in Figure 7, these data were also later confirmed by

1 —— n-hexane 156 ps
" - - -tetrahydrofuran 77 ps
s - - - - 2-propanol 54 ps
||.| '_“ —-— methanol 10 ps

Fluorescence intensity (a.u.)

0 100 200 300 400
Time (ps)

Figure 7. Decays of peridinin fluorescence in solvents with

different polarity taken at the emission maximum at 730

nm after excitation of the S, state of peridinin at 470 nm.

All traces are normalized. Adapted with permission from

ref 23. Copyright 2001 American Chemical Society.

measurements of the S; emission lifetime by means
of a streak camera.?® Initially, the ICT state was
ascribed to the presence of a lactone ring, but a
subsequent study of other carotenoids showed similar
(but less pronounced) behavior for fucoxanthin, which
has an allene moiety and a carbonyl group but lacks
the lactone ring, and for uriolide acetate, which has
the lactone ring and carbonyl group but lacks allene
moiety, leading to the conclusion that the carbonyl
group is responsible for the polarity-dependent S;
lifetime.?? Recent quantum chemical calculations on
peridinin using time-dependent density functional
theory showed that the ICT state is characterized by
a substantial transfer of electron density from the
terminal ring containing an epoxy group to the
polyene chain and the carbonyl group localized at the
lactone ring.1°” Thus, it is the interaction of the
carbonyl group with the solvent that leads to a
stabilization of the ICT state in a polar solvent. It
was also proposed that stabilization of the ICT state
might include a twisting of the molecule, forming a
twisted ICT (TICT),?t but later experiments on
viscosity dependence showed that it is not likely.**

Transient absorption spectra of peridinin in the
region corresponding to the S;—Sy transition further
confirmed the markedly different behavior of peridi-
nin in solvents with different polarity (Figure 4). In
nonpolar solvent, the S;—Sy spectrum is dominated
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by a sharp narrow band at 510 nm and is thus
comparable with other non-carbonyl carotenoids of
similar conjugation length,?*~2344 although additional
weak bands in the 550—700 nm range were proposed
to be due to some charge-transfer character even in
nonpolar solvent.?»??2 In methanol, the transient
absorption spectrum is markedly different, consisting
of a broad band extending from 500 to 700 nm with
a peak at around 630 nm. This change was ascribed
to a stabilization of the charge-transfer state in polar
solvent, and the observed spectrum was explained as
being due to an ICT—Sy transition with a shoulder
at 530 nm due to the ‘normal’ S;—Sy band.?~23
Extending the transient absorption spectra toward
the infrared spectral region revealed further differ-
ences between polar and nonpolar solvents (Figure
8). For peridinin in n-hexane, the spectral region
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Figure 8. Peridinin near-IR transient absorption spectra
in n-hexane (open symbols) and methanol (full symbols).
In both solvents, peridinin was excited at 490 nm and
transient absorption spectra were measured 1 ps after the
excitation. Adapted with permission from ref 23. Copyright
2001 American Chemical Society.

750—1900 nm is dominated by the ESA signal above
1200 nm, characteristic of the S;—S, transition of
carotenoids. In methanol, a new negative spectral
band located at 950 nm appears® and was assigned
to stimulated emission from the peridinin ICT state,
showing that probing the infrared spectral region
permits a study of the ICT state without interference
with signals from other excited states. The kinetics
measured at the maximum of the ICT emission
revealed a 1 ps rise component. This 1 ps dynamics,
present also in the visible spectral region as a shift
of the broad excited-state absorption band, was a
clear sign of the richer dynamics in polar solvents
and ascribed to a relaxation process between the S;
and ICT states.?® Several models were proposed to
explain the complicated behavior of the peridinin
excited states,?>~23 but none of them could consis-
tently explain all the observed dynamical features.

Later experiments that focused on different polar
solvents and included also dependence on viscosity,
temperature, and excitation wavelength suggested
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that it is not possible to consistently explain all
experimental data unless the S; and ICT states
merge to form one state called S,/ICT that has a
rather complicated solvent-dependent potential-
energy surface.** The fact that the S; and ICT states
actually form one state was also demonstrated by
two-photon absorption measurements.*345 Measure-
ments of peridinin in different polar solvents dis-
closed another interesting feature of the peridinin
molecule. First, the asymmetric broadening of the
absorption spectrum (section 3.1) in polar solvents
varied from solvent to solvent. Moreover, even in the
same solvent, the peridinin Si/ICT lifetime varied
with excitation wavelength: when excited below 500
nm, the lifetime in methanol was 10 ps, in agreement
with previous results, but excitation into the red wing
of the absorption spectrum at 550 nm gave a lifetime
of 5 ps.** Interestingly, this effect was observed only
in the protic solvents methanol and ethylene glycol,
while the aprotic polar solvent acetonitrile did not
cause any excitation wavelength dependence of the
peridinin S;/ICT lifetime. Consequently, it was pro-
posed that the asymmetric broadening of absorption
spectra toward longer wavelengths in polar protic
solvents was due to a mixture of two forms of
peridinin: a ‘normal’ peridinin without involvement
of the C=0O group in hydrogen-bonding absorbing
predominantly in the spectral region below 500 nm
and a ‘red’ form that was assigned to peridinin
molecules actively participating in hydrogen bonding
via the carbonyl group. The hydrogen bonding causes
enhancement of the charge-transfer character, lead-
ing to an even shorter Sy/ICT lifetime. Within this
model, the 1 ps dynamics are due to a small struc-
tural change of peridinin (most likely movement of
the carbonyl group) in the S;/ICT state, resulting in
stabilization of charge-transfer character.**

Despite better understanding of the unique proper-
ties of peridinin, details behind its energetics and
dynamics are still tenuous. On the basis of both time-
resolved and two-photon absorption spectroscopy, it
can be concluded that there are no distinct S; and
ICT states as proposed earlier.?!~2% Instead, these
states are strongly mixed, forming only one S/ICT
state having charge-transfer character.**4> However,
proposed explanations of the polarity dependence of
the Si/ICT lifetime state are not in accord. A model
based on time-resolved spectroscopy data proposes
large polarity-dependent changes of the S,/ICT po-
tential surface that are accompanied by correspond-
ing changes of its charge-transfer character, conclud-
ing that these changes are primarily responsible for
the observed Si/ICT lifetime variations.** On the
other hand, polarized two-photon excitation spectros-
copy supported by quantum chemical calculation led
to the conclusion that the charge-transfer char-
acter of the S,/ICT state is not changed by solvent
polarity and that the solvent-dependent S,/ICT
lifetime is due to a large change of ground-state
charge-transfer character.*® Thus, a consistent pic-
ture of the peridinin dynamics is still lacking. How-
ever, it seems that to consistently explain experi-
mental data from different techniques, one must
consider rather large polarity-dependent changes of

Polivka and Sundstrom

both the ground and S,/ICT states, since significant
changes of the S;—Sy\ excited-state absorption and
the rich polarity-dependent dynamics of the S;/ICT
state?* clearly require polarity-dependent changes
of the S//ICT state.

Significant consensus exists for determination of
the 0—0 origin of the Sy/ICT state. Spectral analysis
of the peridinin S; emission placed the 0—0 origin at
about 16 700 cm™! in n-hexane, whereas a slightly
lower value of 16 300 cm~! was established in metha-
nol.?2%23 An energy of 16 100 cm~! was obtained in
both solvents from S,;—S, spectra, although for metha-
nol an error of 500 cm™! was reported due to a
complication to read the 0—0 origin of the S, state
with sufficient precision.?® A similar value of 16 200
cm~t was determined from two-photon excitation
spectra of peridinin in CS,,%® in a good agreement
with emission data for peridinin in CS,,214%73 showing
that the S;/ICT energy is not or only very little
affected by solvent, in accord with recent density
functional theory calculations.®” While the experi-
ments described above established the 0—0 origin of
the Si/ICT state in the range 16 100—16 700 cm™
depending slightly on solvent, the two-photon excita-
tion study of peridinin in benzene reported an Si/ICT
energy in the range 18 500—18 900 cm~! (530—540
nm), since no signal was detected above 600 nm.*3
The striking similarity between the one-photon and
two-photon absorption spectra was explained in
terms of mixing of S, and S,/ICT states, making them
both allowed in the two-photon absorption experi-
ment.*® Shima et al. made a similar observation,*
but measurements of two-photon excitation spectra
with linearly and circularly polarized light allowed
regions of S,-like and S;/ICT-like signals to be
separated, confirming that the Si/ICT state lies
indeed at around 16 200 cm™?. Performing MNDO—
PSDSCI calculations, the authors confirmed the
S,—S4/ICT mixing, explaining the extremely weak
signals from two-photon absorption in the region
above 600 nm, as a result of the Si/ICT state ac-
quiring significant B," character.®

The carotenoid peridinin is the most extensively
studied carbonyl carotenoid. Comparing its properties
with those of other carbonyl carotenoids studied so
far, it is obvious that the general pattern of the
observed features is common for all of them, although
the magnitude of the polarity-induced changes does
not reach that of peridinin for other carbonyl caro-
tenoids.?>4% The asymmetric broadening and lack of
pronounced vibrational structure of absorption spec-
tra are similar for all carbonyl carotenoids. The
change of the S,/ICT lifetime, however, depends
strongly on the structure of the particular carbonyl
carotenoid (Table 3). When switching from nonpolar
to polar solvents, the Si/ICT lifetime changes from
60 to 20 ps (siphonaxanthin), 60 ps to 30 ps (fucox-
anthin), 70 ps to ~40 ps (uriolide acetate) but is
unchanged for the longer spheroidenone, whose
S,/ICT lifetime remains 6 ps for all solvents.??:46
Similar trends were observed for the S,/ICT—Sy tran-
sition in the visible spectral range and the polarity-
induced S,/ICT emission peaking at ~950 nm. All the
features characteristic of polarity-induced changes for
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peridinin can also be detected for other carbonyl
carotenoids, with their magnitudes in order sipho-
naxanthin > fucoxanthin ~ uriolide acetate > sphe-
roidenone. An analogous polarity-induced behavior
was also revealed for a modified apo-S-carotene, for
which the conjugated carbonyl group was introduced
by adding an aldehyde group at the end of the
conjugated backbone.*” Moreover, broadening of the
absorption spectrum and shortening of the lifetime
in polar solvents was also observed for apo-$-carotene
modified with two cyano groups, demonstrating that
introducing an electron acceptor into the carotenoid
structure also leads to peridinin-like behavior.1% In
naturally occurring carotenoids, however, no other
electron acceptor than the carbonyl group has been
found to date, making the carbonyl carotenoids a
separate family having unique properties of excited
states playing a key role in light-harvesting com-
plexes of algae (see section 4.3).

3.3. Other States

Calculations on polyenes predicted additional states
besides the S; and S; states. From extrapolations of
state energies to longer polyenes it became apparent
that two other excited states of 1B,~ and 3A4~
symmetry are of interest in carotenoids, since espe-
cially the 1B~ state approaches the S, state for N ~
9 and it should be located between the S; and S;
states for N > 10.2® As a result, for most of the
naturally occurring carotenoids, this state can be
involved in the excited-state dynamics. The 3A,~
state was predicted to be in the vicinity of the S, state
for N ~ 13'% and thus above the S, state for most of
carotenoids, but it could affect the dynamics of the
longest carotenoids such as spirilloxanthin. Since
transition from the ground state to both 3A4~ and
1B, states is forbidden (for 1B, it is both one- and
two-photon forbidden),*® location of these states suf-
fered from the same problems as the S; state.
However, for the 3A,~ and 1B, states, the experi-
mental difficulties are further enhanced by the fact
that these states, if populated, will relax quickly to
the S; state, limiting their lifetime to the hundred
femtosecond time scale.

As described above, the success of resonance Ra-
man spectroscopy to locate the S; state relies on
proper sample concentration and detection geometry,
allowing separation of resonance Raman profiles
originating from S; and S, states. By setting an
appropriate concentration and using a back-scatter-
ing geometry, Sashima et al. obtained a resonance
Raman profile of spheroidene that corresponded to
a new electronic state located between the S; and S;
states.’® The 0—0 spectral origin had an energy of
17 600 cm™1, and the new state was ascribed to the
1B, state. The same technique was applied to other
carotenoids, and the 1B~ state was detected for mini-
9-5-carotene (19 700 cm™1),** S-carotene (16 550
cm™1),% lycopene (15 770 cm™1),14 anhydrorhodovibrin
(14 500 cm™1),*® and spirilloxanthin (13 330 cm™1).%%

On the basis of these findings, the 1B, state was
included in fitting fluorescence spectra of a few
carotenoids. Spectral deconvolution of fluorescence
profiles of lycopene, anhydrorhodovibrin, and spiril-
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loxanthin led to 1B, energies of 16 000, 14 900, and
13 600 cm™1, respectively.5! Although the 1B, ener-
gies extracted from fluorescence profiles are close to
those revealed by resonance Raman spectroscopy, it
is necessary to point out that the appearance of 1B~
emission is not easy to explain. The intensity of the
1B,~ emission together with the presumably short
lifetime of the 1B~ state led to a conclusion that the
transition dipole moment of the Sp—1B,~ transition
is 4—5 D, thus significantly larger than that of the
So—S; transition.5! Since the So—1B,~ transition is
both one- and two-photon forbidden, such a large
dipole moment is quite surprising. Moreover, a
transition dipole moment of 4—5 D should be visible
in the absorption spectrum, which is obviously not
the case. Despite these problems, the 1B, energies
detected both by resonance Raman and fluorescence
fit well to the predicted dependence of the 1By~
energy on conjugation length.> Further investiga-
tions of resonance Raman profiles made it possible
to find sample concentrations, for which a resonance
Raman profile corresponding to the 3A,~ state was
found.'® The 3A,~ energies of 19 990 (spheroidene),
18 020 (lycopene), 16 450 (anhydrorhodovibrin), and
14 556 cm™? (spirilloxanthin) were determined. Al-
though reading of the 3A;~ energies from resonance
Raman profiles is more complicated because of over-
lapping contributions from nearby states, they fall
reasonably into the range predicted by theoretical
calculations on polyenes.®® It is worth noting, how-
ever, that semiempirical MNDO—PSDCI calculations
on rhodopin glucoside (N = 11) in pentane placed the
3A,” state above the S, state at 22 200 cm™1, thus
significantly higher than was determined by reso-
nance Raman profiles for lycopene having the same
conjugation length.1%°

Significant improvement of both time and spectral
resolution in time-resolved techniques in the past few
years has also allowed for searching of the 1B, and
3Ay~ states by means of these methods. Using
singular value decomposition and global fitting of
data recorded in the 840—1040 nm spectral region
after excitation of the neurosporene S, state by 130
fs pulses, Zhang et al. identified spectral changes that
were attributed to excited-state absorption from the
S, and 1B, states, respectively.”® This result, to-
gether with a subsequent study of neurosporene by
means of time-resolved Raman spectroscopy,’* sug-
gested direct involvement of 1B,  in relaxation
processes taking place in neurosporene. While the
time-dependent spectral changes in excited-state
absorption observed for neurosporene were quite
subtle, a study performed using 15 fs pulses on
p-carotene showed a distinct separation of excited-
state absorption bands.'° The excited-state absorp-
tion band located around 800 nm that appeared
immediately after excitation was in ~50 fs replaced
by another ESA band centered at 1000 nm, which
then decayed to form the known S;—Sy band peaking
at 560 nm. Similar to the study of neurosporene,
these spectral changes were explained in terms of an
additional state located below the absorbing S, state
that produces the 1000 nm ESA band, while the 800
nm band is due to the S, excited-state absorption. A
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Figure 9. Dependence of energies of the five low-lying
singlet excited states of carotenoids on their conjugation
length: S; energy as determined from the S;—S; spectral
profiles (open circles); S; energy obtained from fluorescence
measurements (full squares); 1B, (open triangles) and
3A,~ (open stars) energies obtained from resonance Raman
profiles; 1B, " (full triangles) and 1A4* (diamonds) energies
determined from absorption spectra. To avoid effects of
carotenoid structures on state energies, only the linear
carotenoids spirilloxanthin (13), anhydrorhodovibrin (12),
lycopene (11), and spheroidene (10) are used. For N = 9,
values for neurosporene are used in the case of the S;
energy from fluorescence and the S, energy, violaxanthin
for the S; energy from the S;—S; profile, and m9-3-carotene
for the 1B,~ energy.

subsequent study by Fuijii et al.”? went further as
they studied time-dependent changes of excited-state
absorption in the 850—1040 nm region of five caro-
tenoids with different conjugation lengths. Distinct
spectral shifts of the excited-state absorption on the
time scale of 50—300 fs were attributed to contribu-
tions from the S, and 1B, states in the case of
neurosporene (N = 9) and spheroidene (N = 10),
while for the longer carotenoids lycopene (N = 11),
anhydrorhodovibrin (N = 12), and spirilloxanthin (N
= 13), they were assigned to excited-state absorption
from the S, and 3Ay~ states, respectively.”? This
conclusion was based on slightly different patterns
of spectral shifts observed for neurosporene and
spheroidene and on the resonance Raman data put-
ting the 3Ay~ state below the S, state for linear
carotenoids with N = 11.1® These experimental
observations triggered a number of discussions about
involvement of these states in relaxation processes
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in carotenoids, and various models will be reviewed
in section 3.5. Locations of the 1B, and 3A~ states
for carotenoids with different conjugation wave-
lengths are summarized in Figure 9 and Table 4.

In addition to the 1B,~ and 3Ay~ states that were
predicted by calculations on polyenes, another state
lying between the S; and S, states, called S*, was
recently discovered. Using global analysis of data in
the spectral region 470—720 nm, it was shown that
the S;—Sy band of spirilloxanthin (peaking at 590
nm) possessed a distinct shoulder at ~540 nm. While
the 590 nm band decayed with 1.4 ps corresponding
to the S; lifetime of spirilloxanthin, the 540 nm
shoulder exhibited a much longer decay of ~6 ps.?°
This result was explained in terms of two parallel
pathways of S, depopulation; a major part (70%)
decays to form the S; state, while the minor pathway
(30%) leads to population of the new S* state, which
then decays to the ground state with a 6 ps lifetime.
Interestingly, as shown in several studies,*1~113 the
S* state is formed with much higher yield when
carotenoids are incorporated into light-harvesting
proteins. While no S* state was detected for sphe-
roidene in solution, it is populated with about 20%
efficiency for spheroidene in the bacterial light-
harvesting complex LH2.*'l It was also recently
shown that the S* is populated when carotenoids are
covalently bound to an energy acceptor in artificial
antenna systems (see section 5.1).1'4 In light-harvest-
ing protein complexes, the S* state was also found
to be a precursor of ultrafast singlet—triplet homofis-
sion (for details, see section 4.1).20111-113 For caro-
tenoids in solution, population of the S* state is
probably limited to only long carotenoids, and spir-
illoxanthin was until recently the only carotenoid for
which involvement of the S* state in solution was
demonstrated.?® The most recent experiments em-
ploying pump—dump—probe spectroscopy, however,
revealed spectral features characteristic of the S*
state also for lycopene, zeaxanthin, and -carotene.*'®
It is worth mentioning that a distinct shoulder at the
high-energy side of the S;—Sy spectrum with similar
dynamical properties (slower decay than the S;—Sy
band) was observed much earlier for synthetic long
analogues of s-carotene having conjugation lengths
of 15 and 19.57 For both conjugation lengths, this
band was observed to decay on the 5—15 ps time
scale, somehow dependent on solvent. This feature

Table 4. Energies of Other Singlet Excited States of Certain Carotenoids?

carotenoid® Ne¢ fluorescence Raman 2-photon 3A4” 1A¢" (cis-peak)

spirilloxanthin 13 13 600 (51) 13 330 (15) 14 556 (15) 26 050 (93)

anhydrorhodovibrin 12 14 900 (51) 14 500 (15) 16 450 (15)

lycopene 11 16 000 (51) 15770 (14) 18 020 (15) 27 600 (120)
15 630 (15)

spheroidene 10 17 600 (69) 19 990 (15) 28 900 (119)

p-carotene 9432 16 550 (14) 29 400 (118)

m9-j-carotene* 752 19 700 (14)

peridinin 7LOA 22 000 (45) 30 500 (45)

@ The values of the 1B~ energies determined by fluorescence and energies of the 1A4" state obtained from absorption spectra
of isomers were taken from carotenoids dissolved in n-hexane. For recording resonance Raman profiles to determine the 1B~
and 3Agy~ energies, crystalline samples were used. The 1B~ energy of peridinin was measured in CS,. Numbers in parentheses
are references. P Carotenoids marked by asterisk are synthesized carotenoids that do not occur naturally. ¢ Conjugation length.

See caption of Figure 1 for description.
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was assigned to a transition from the ‘hot’ ground
state populated by the S;—Sy internal conversion. The
possibility of the S* state being the vibrationally hot
ground state was also considered by Gradinaru et
al.,?° but the absence of a shift and narrowing of the
spectrum expected as a result of vibrational cooling
led to the conclusion that the S* signal is due to a
relaxed state. The finding that S* participates in
carotenoid-to-BChl energy transfer''1-113 confirmed
that the S* state must be at higher energy (or at least
similar) than the S; state. Thus, the hypothesis of
S* as a hot vibrational ground state was ruled out
for the S* state in carotenoids incorporated in light-
harvesting complexes. However, recent pump—dump—
probe experiments suggested that the S* states in
light-harvesting complexes and in solution could be
of different origins,**® and the S* state in solution
was proposed to be a vibrationally hot ground state
(see also section 4.1).

Yet another state, labeled as S*, was revealed using
pump—dump—probe spectroscopy on fS-carotene in
solution.*® This state is populated only when j-car-
otene is excited into the higher vibrational levels of
the S, state at 400 nm, most likely by opening a new
relaxation channel that is not accessible when the
0—0 transition of the S, state is excited. The spectral
characteristics of the S* state resemble those of the
S* state, but the global analysis of the recorded data
revealed that the S* state is slightly blue-shifted from
the S* state.'® In addition, the S* state in S-carotene
exhibits double-exponential decay with time con-
stants of 10 and 65 ps, thus significantly longer than
the S* state.?° Origin and symmetry properties of the
S* state remain unknown.

To finish the listing of the singlet excited states
involved in various spectroscopic studies, the 1Ag*
state must be mentioned. The lowest state of Ag*
symmetry in the manifold of carotenoid excited states
is the cis-peak usually located 7000—8000 cm ! above
the 0—0 origin of the S, state. Because the ground
state is of Ay~ symmetry, the transition from the
ground state to the 1A," state is symmetry forbidden
for all-trans carotenoids, but it becomes allowed for
various cis-isomers.?® Since the shift of the S, state
due to isomerization is rather small (on the order of
a few nanometers), appearance of the cis-peak is a
reliable control of the presence of isomers in the
sample. The position and relative intensity of the cis-
peak and S, absorption are characteristics of a
particular isomer. For spheroidene, the 0—0 origin
of the cis-peak is at 345 nm for all possible isomers,
but its intensity relative to the S, absorption varies
markedly from 0.08 to 0.45.117 Similar to the other
excited states, the cis-peak shifts to the red with
conjugation length, being located at 340 nm for
B-carotene,'*® at 345 nm for spheroidene,*"11° at 362
nm for lycopene,’® and at 384 nm for spirilloxan-
thin® (Table 4 and Figure 9).

3.4. Vibrational Relaxation

Because of very fast dynamics of carotenoid excited
states, studies attempting to address questions re-
garding relaxation within the vibrational manifold
of particular electronic states were less frequent. In

Chemical Reviews, 2004, Vol. 104, No. 4 2039

the past few years, emerging new techniques such
as time-resolved Raman spectroscopy enabled the
study of vibrational relaxation of carotenoids in
detail.

Although the absorbing S, state is strongly allowed
and easily accessible by direct excitation, knowledge
of vibrational relaxation in the S; state is more vague
than that of the S; and Sy states, mainly because this
relaxation is extremely fast, challenging the current
limits of time-resolved spectroscopy. This was first
demonstrated on spheroidene in a few different sol-
vents, for which up-conversion measurements did not
show any differences when excited in the range
427—490 nm with ~150 fs time resolution. Even after
excitation to higher vibrational levels, the up-con-
verted S, emission did not exhibit any appreciable
rise attributable to S, vibrational relaxation, and it
was concluded that S; vibrational relaxation should
be faster than 50 fs.5* This was further confirmed by
means of up-conversion measurements on j3-carotene
with ~60 fs time resolution. In addition to the same
decay kinetics regardless of excitation wavelengths
in the range 400—485 nm, no ‘hot’ emission bands
due to fluorescence occurring prior to vibrational
relaxation were observed, setting the upper limit for
the time scale of S; vibrational relaxation to about
20 fs.*2 A similar value of ~40 fs was obtained from
up-conversion measurements of neurosporene ex-
cited into the second vibrational level of the S; state
at 420 nm.%® The same authors studied S, vibra-
tional relaxation of s-carotene and 3-apo-8'-carotenal,
concluding that the active Franck—Condon mode
(C=C) relaxes on 40—80 and ~30 fs for S-carotene
and S-apo-8'-carotenal, respectively.>® On the basis
of temporal evolution of fluorescence spectra, they
also concluded that low-frequency modes exhibit a
slower (220 fs) S, relaxation for 3-carotene.>®

Contrary to the sub-100 fs vibrational relaxation
in the S, state, S; vibrational relaxation occurs on a
slower time scale. Using analysis of time-dependent
changes in S;—Sy excited-state absorption of lycopene
in CS,, Zhang et al. concluded that vibrational
relaxation in the S; state occurs on the same time
scale as S;—Sp internal conversion, i.e., ~3 ps.8?
However, this conclusion was later shown to be likely
due to limited time resolution, and it was demon-
strated by recording the time-dependent changes of
the spectral profile of the S;—Sy transition (Figure
10) that the vibrational relaxation in the S; state of
lycopene actually takes place on a subpicosecond time
scale.1® The subpicosecond time scale for S; vibra-
tional relaxation has up to date been established for
a few different carotenoids. A study of the excited-
state dynamics of -carotene excited by 7 fs pulses
demonstrated thermalization of the S; state with a
time constant of 620 fs.*?! A similar time constant of
700 fs for S; vibrational relaxation was determined
from fitting of kinetics recorded at the red edge of
the S;—S; spectrum at 1450 nm for spheroidene at
185 K.52 Later, on the basis of a detailed analysis of
the time-dependent spectral profiles of the S;—Sy
transition of the three structurally different caro-
tenoids f-carotene, zeaxanthin, and lycopene (all
having 11 conjugated C=C bonds), it was concluded
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Figure 10. Transient absorption spectra of the S;—Sy
transition of lycopene in n-hexane recorded at different
time delays. To demonstrate the time-dependent changes
of the spectral profile of the S;—Sy transition, the transient
spectra are normalized at their maxima. Excitation at 510
nm. Reprinted with permission from ref 100. Copyright
2002 Elsevier Science.

that the vibrational relaxation in the S, state is not
affected by the structure of the carotenoid and that
it takes place on the ~500 fs time scale in the polar
solvent methanol. A slightly slower vibrational re-
laxation was observed in the nonpolar solvent n-hex-
ane, yielding time constants of 650 (3-carotene) and
800 fs (zeaxanthin).1® In addition, Gaussian decon-
volution of the S;—Sy ESA band reveals that the low-
energy tail observed at early decay times extends
approximately 1500 cm~* toward lower energies from
the maximum of the S;—Sy band (Figure 10), sug-
gesting that rather low-frequency vibrational modes
are involved. This fact is in accord with measure-
ments of the S;—S, spectra, showing that the relative
shift of the S; and S, potential surfaces is small,®?
thus preventing population of high-energy vibrational
modes by the S,—S; internal conversion. A time
constant of 700 fs for the vibrational cooling in the
S; state of g-carotene was also revealed by time-
resolved transient grating.*?? Slightly shorter relax-
ation time constants were determined in another
transient absorption study of j-carotene, yielding
values of 0.3 ps in ethanol and 0.4 ps in n-hexane
and benzyl alcohol.*%* Contrary to the work of Billsten
et al.,'%° these authors proposed a different mecha-
nism for the relaxation in the S; state. It was
suggested that S-carotene might undergo a small
structural change upon excitation, followed by relax-
ation of the twisted conformers to the S; state. The
observed time constant of 0.3—0.4 ps is ascribed to
this conformational change, during which the twisted
conformation relaxes to the all-trans form.'%% It is
worth mentioning that although this mechanism is
similar to the ‘conformational’ hypothesis described
in section 3.2, these two hypotheses are qualitatively
different. While de Weerd et al. proposes the confor-
mational change to occur in the S; state,!°! the
hypothesis suggested by Polivka et al. has the view
that twisted conformers still exist in the relaxed S;
state and that the conformational change toward the
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all-trans form takes place during the S;—S, internal
conversion.®?

The subpicosecond time scale of vibrational relax-
ation in the S; state of S-carotene was also confirmed
by femtosecond time-resolved Raman spectroscopy as
a 0.6 ps component found in kinetics of the 1800 cm™*
C=C stretching mode in the S; state.?3 Interestingly
however, these authors assigned the 0.6 ps compo-
nent to a relaxation between the v = 2 and 1
vibrational levels of the S; state since it appeared as
a rise in the kinetics corresponding to this mode. The
decay of these kinetics was characterized by a time
constant of 8.8 ps, very close to that of the S;—Sg
internal conversion. Consequently, a model was
proposed in which the v = 1 vibrational level of the
S; state is the initial state for the S;—S, internal
conversion, preventing any population of the v =0
vibrational level of the S; state.!?® Later, using a
series of f-carotene analogues, Yoshizawa et al.
suggested that such a storage of energy in the C=C
stretching mode is characteristic of carotenoids with
N < 13.% This model was, however, questioned by
McCamant et al., who also used time-resolved Raman
spectroscopy to follow vibrational relaxation in 5-car-
otene.'?* Despite a limited time resolution of ~2 ps,
these authors concluded on the basis of detailed
analysis of the anti-Stokes/Stokes intensity ratio for
different vibrational modes that the 0.6 ps component
indeed corresponds to a full vibrational relaxation to
the v = 0 vibrational level of the S; state.'** The same
research group further refined this conclusion by
improving both the time resolution (~100 fs) and
signal/noise ratio of their time-resolved stimulated
Raman experiment.’?®> By analyzing decays of the
C=C stretching mode in the S; state, it was con-
cluded that vibrational relaxation in the S; state of
p-carotene in cyclohexane consist of two separate
processes. The energy in the vibrationally hot C=C
mode is first distributed to the strongly coupled
vibrations in ~200 fs and then follows an intramo-
lecular vibrational energy distribution to the com-
plete set of normal modes within 450 fs.1?> An
interesting new insight into the vibrational relax-
ation in the S; state was recently provided by the
femtosecond time-resolved transient grating tech-
nique. Using this nonlinear spectroscopic method,
Siebert et al. suggested that a fraction of higher
vibrational states of the S; state of 5-carotene could
relax to the ground state directly, making a new
channel competing with vibrational relaxation.'??

Vibrational relaxation in the ground state was
studied almost exclusively by means of time-resolved
anti-Stokes Raman scattering.'?® Contrary to the
mode-averaged relaxation obtained from transient
absorption spectroscopy, this technique enables the
determination of relaxation times for specific vibra-
tional modes. Two comprehensive studies of the
ground-state vibrational relaxation of g-carotene
were recently performed. Using anti-Stokes reso-
nance Raman spectroscopy with picosecond time
resolution, McCamant et al. investigated ground-
state relaxation of the C=C (1523 cm™!), C—C (1157
cm™?), and C—CHj; (1004 cm™?) vibrational modes,
concluding that their relaxation times differ substan-
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tially. While relaxation of the C=C stretching mode
was beyond the time resolution of the detection
system (<1 ps), the other modes exhibited longer
relaxation times of 5 (C—C) and 12 ps (C—CHy),
respectively.'?* This result contradicts, however, the
results obtained by femtosecond coherent anti-Stokes
Raman scattering (CARS), where three pump and
one probe beams are used to generate the CARS
signal.*?” In this study, two more vibrational modes
(the C—H bending mode at 1269 cm™! and the
C=C-C bending mode at 872 cm™1) were studied in
addition to those studied by McCamant et al. Al-
though the observed trend of relaxation times for
different vibrational modes follows that obtained by
McCamant et al., the actual time constants are
markedly different. The fastest relaxation is observed
for the C=C stretching mode with a time constant of
8.5 ps, while ~9 ps relaxation was obtained for both
C—C and C—CHj stretches; the C=C—C and C—H
bending modes relaxed with time constants of 10.9
and 13.4 ps, respectively.’?” The apparent contradic-
tion in the relaxation time of the C=C stretching
mode is further underlined by another time-resolved
anti-Stokes Raman study, in which a time constant
of 15 ps was determined for S-carotene.'>® The same
time constant of 15 ps for ground-state vibrational
relaxation was obtained for the carotenoids spiril-
loxanthin'?® and canthaxanthin.'?® Regardless of this
contradiction, these studies confirmed that mode-
averaged vibrational relaxation in the ground state
occurs on the time scale of 8—15 ps, in agreement
with data obtained by transient absorption spectros-
copy on long (N = 15 and 19) synthesized analogues
of s-carotene, yielding ground-state relaxation time
constants of 5—15 ps.%’

In summary, it is clear that even though detailed
studies of vibrational relaxation emerged only re-
cently and the results obtained from different groups
are still contradictive in certain aspects, the time
scales of vibrational relaxation in the S,, S;, and Sy
states of carotenoids have been established. Thus,
vibrational relaxation in the S, state is extremely
fast, taking place on a time scale faster than 80 fs. A
slower, 300—800 fs vibrational relaxation character-
izes the S; state, and ground-state vibrational relax-
ation is clearly the slowest one, occurring on the 5—15
ps time scale. No studies addressing vibrational
relaxation in other excited states of carotenoids have
been reported so far.

3.5. Relaxation Schemes of Carotenoid Excited
States in Solution

Knowledge of the properties of carotenoid excited
states summarized in previous sections allowed for
construction of models of relaxation pathways within
the manifold of excited states after excitation to the
absorbing S, state. Discovery of new states below the
S, state made the simple S; — S; — Sy model used
for nearly two decades no longer appropriate, and
new models depicted in Figure 11 were proposed.

The last S;—Sy relaxation step is the best under-
stood so far. With knowledge of S; energies and
lifetimes it was recognized that the S;—Sy internal
conversion follows well that predicted by the energy-
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Figure 11. Three possible relaxation pathways that can
take place after excitation of a carotenoid into the S, state.
(A) The direct S, — S; — Sp pathway operating most likely
for shorter carotenoids. (B) The S, — 1B,™ — S; — Sp (or
S; — 3Ay” — S1 — Sp in some cases, see text for details)
pathway including an intermediate state. (C) The relax-
ation pathway involving branching of the S, population into
S; and S* states. See text for analysis of the particular
cases.

gap law for radiationless transitions.””’® To explain
the rather short S; lifetime of carotenoids, as com-
pared with lifetimes observed for most organic dyes,
a mechanism involving a strong vibrational coupling
was proposed for S;—S; internal conversion. Since the
Sp and S; states have the same A;~ symmetry, they
can be vibrationally coupled through the totally
symmetric a4 stretching modes, which would result
in a large difference in frequencies of these modes in
the Sy and S; states.’30 This effect was known from
short polyenes, for which the ~1550 cm™* frequency
of the C=C stretching mode in the Sy state increased
to ~1700 cm™! in the S; state.!® About the same
difference in the C=C stretching frequency was later
revealed for carotenoids by means of picosecond time-
resolved resonance Raman,* suggesting that vibra-
tional coupling through the C=C stretching mode
plays a central role in S;—Sy internal conversion in
carotenoids. This proposal was confirmed by femto-
second transient absorption spectroscopy combined
with picosecond transient Raman spectroscopy on
isotope-labeled S-carotene.’®! It was shown that
13C-labeled p-carotene had a longer S; lifetime of
14.3 ps, while shorter and nearly identical S; life-
times (9.9 and 10.7 ps, respectively) were observed
for nonlabeled and ?H-labeled S-carotene, confirming
that skeletal vibrational modes are crucial for
S1—Sp internal conversion. A corresponding decrease
of the frequency of the C=C stretching mode for
13C-labeled fS-carotene in the S; state proved that
vibrational coupling through the C=C stretching
mode is responsible for the fast S;—Sy internal
conversion of carotenoids.3!

While the mechanism of the S;—S, internal conver-
sion is well understood, considerably less is known
about mechanisms and pathways driving a caro-
tenoid from the excited S, state toward the S; state.
Until experimental data suggesting the presence of
additional states between S; and S, states were
reported, a direct S,—S; relaxation as shown in
Figure 11A was assumed. Since the S; and S, states
have Ay~ and B,* symmetry, respectively, vibronic
coupling via totally symmetric ag modes is symmetry
forbidden.®® Thus, to explain the very fast (50—200



2042 Chemical Reviews, 2004, Vol. 104, No. 4

fs) S,—S; internal conversion, a conical intersection
between the S; and S, potential surfaces was in-
voked.®® However, the proposed existence of the
conical intersection requires a substantial shift be-
tween the S; and S, potential surfaces. This is not
supported by the S;—S, spectra that display an
intensity of their vibrational bands in the order 0—0
> 0—1 > 0—2, suggesting a rather small displace-
ment between the S; and S; potential minima (Figure
5).62 Qut-of-plane bending vibrational modes of by
symmetry resulting from intensity borrowing be-
tween Ay~ and B,' states were in addition pro-
posed to play a role in the S,—S; internal conversion
of polyenes.**? Although the vibrational coupling via
the totally symmetric ag modes is symmetry forbid-
den, a mixing of the S, and S; states allows vibra-
tional coupling through nontotally symmetric by
modes. This mechanism may be important especially
for shorter polyenes and carotenoids with a small
S,—S1 energy gap, facilitating the S,—S; mixing.
Therefore, the relaxation scheme depicted in Figure
11A is most likely valid for carotenoids with N < 9,
which have the 1B,~ and 3A,~ states above the S;
state, but the S;—S, gap is narrower to enhance the
S1/S,; mixing (Figure 9).

When the existence of additional states between
S, and S; was experimentally confirmed,*4156% these
states were incorporated into the relaxation schemes
of carotenoid excited states. In the first paper show-
ing the resonance Raman profile of the 1B,~ state of
spheroidene,® it was suggested that the location of
the 1B,~ state below the S, state can mediate the
S,—S; internal conversion process (model B in Figure
11). Because the B, and S; (Ay") states both have
‘minus’ Pariser’s label, a strong vibronic coupling is
allowed,**5° while vibronic coupling between the S,
(By") and B~ states was justified by the small S,_-B,,~
energy gap (~2100 cm™1), for which the pseudoparity
selection rule can be broken.®® Thus, to overcome
difficulties in explaining the ultrafast S,—S; internal
conversion rate, it was proposed that the 1B, state
is crucial for facilitating the S,—S; internal conver-
sion, making a ‘vibrational coupling bridge’ between
the S; and S; states.** This S, — 1B,™ — S; — So
model was further supported by time-resolved data.
Spectral changes that appeared in excited-state
absorption in the 840—1060 nm spectral region for
neurosporene were attributed to the S,-1B,~ internal
conversion. In this scheme, the S, and 1B, lifetimes
were 40—80 and 190—270 fs, respectively.” Further
refinement of this model for neurosporene was
achieved by application of subpicosecond time-
resolved Raman spectroscopy.”* By recording Raman
spectra in the time window up to 20 ps with time
resolution of about 0.16 ps, these authors distin-
guished Raman spectra of the S, 1B,,~, and S; states,
concluding that internal conversion between S, and
1B, states occurs to the v = 1 vibrational level of
the 1B, state. The following relaxation between the
1B, and S; states then occurred predominantly to
the v = 3 vibrational level of the S; state.”* The same
group later recorded time-resolved absorption in the
840—1060 nm region for five carotenoids with differ-
ent conjugation length’? and proposed two different
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relaxation pathways. For longer carotenoids, the 1B~
state drops too low below the S, state to allow
efficient vibrational coupling necessary to explain the
fast S,—S; relaxation for longer carotenoids.*”? To
resolve this contradiction, the authors proposed, on
the basis of slightly different patterns of spectral
changes in transient absorption spectra, that the S,
— 1B,~ — S; — Sy is valid only for neurosporene (N
= 9) and spheroidene (N = 10). For the longer
lycopene, anhydrorhodovibrin, and spirilloxanthin,
the S, — 3A;,~ — S; — Sy pathway was proposed to
operate, since the 3A4~ state is pushed below the S;
state for these carotenoids. The S, lifetimes deter-
mined by this study were much shorter (10—20 fs)
than previously reported. While the temporal resolu-
tion in that study was ~130 fs and these extremely
short lifetimes suffered by a relatively large error as
they were extracted by a global fitting analysis and
subsequent deconvolution with response function, a
study of excited-state dynamics of S-carotene and
lycopene using 15 fs pulses!® allowed determination
of lifetimes with much higher precision. The data
further supported the S, — 1B, — S; — Sp model
depicted in Figure 11B, and S; lifetimes of 10 + 2
and 9 + 2 fs were determined for g-carotene and
lycopene, respectively.''® Even more complicated
schemes were proposed by Rondonuwu et al., who
suggested the 1B, state to be a precursor of an
ultrafast singlet—triplet conversion to the second
triplet state, 13A4~, which further decays to the lowest
triplet state on the picosecond time scale for caro-
tenoids with conjugation lengths in the range of
9-13.%4 This model, however, does not include any
vibrational relaxation, and the spectral profile of the
1B, state extracted from global fitting analyses is
nearly identical with the spectral profile assigned
previously to the vibrationally hot S; state.100.101
Taking into account the complicated branching
schemes proposed by these authors, the uncertainty
in assignment of the spectral profiles represents a
serious problem, which is further complicated by the
fact that the only known mechanism for the ultrafast
singlet—triplet conversion in carotenoids, a singlet
homofission, is energetically unfavorable for some of
the studied carotenoids. Thus, the validity of these
complicated relaxation schemes remains to be veri-
fied by further experimental and theoretical inves-
tigations of carotenoid excited states.

In brief, experimental evidence suggesting involve-
ment of an intermediate state that facilitates S,—S;
internal conversion has recently been obtained. How-
ever, the proposed extremely fast internal conversion
from the S, state to the intermediate (1B,~, 3Aq")
state occurring at a time scale of about 10 fs should
prevent observation of emission, because the inter-
mediate state is a ‘dark’ state. This proposal is in
contradiction with a number of emission data but was
addressed by Cerullo et al.!'° with a model suggesting
departure from a planar carotenoid configuration,
leading to a conformational rearrangement upon
excitation. Such a symmetry break would make the
intermediate state emissive, as the symmetry selec-
tion rules would be less restrictive. The fact that this
conformational change occurs upon excitation would
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also explain why the intermediate state is not visible
in absorption spectra. Yet, a problematic point of this
explanation is that this change must occur within the
proposed 10 fs lifetime of the S, state, and it is hard
to imagine a mechanism that would modify sym-
metry of the conjugated backbone on such a short
time scale. Moreover, the fact that S, emission
spectra constitute a nearly perfect mirror image of
the absorption spectrum is another intriguing fea-
ture that challenges the relaxation model with an
intermediate state, because it suggests that absorb-
ing and emissive states are identical. The Stokes
shifts for S, emission are on the order of 150—300
cm™! for all carotenoids regardless of their conjuga-
tion length,37:384050-52 gyggesting that if the emission
indeed originates from an intermediate state, its
energy gap to the S, state must be about 300 cm™!
and independent of the conjugation length. Accord-
ingly, the strong dependence of the 1B, energy on
conjugation length predicted theoretically®*® and con-
firmed experimentally45%52 rules out the 1B, state
as the emissive state. Within the S, — 1B, — S; —
So model, the emission cannot be ascribed to the S,
state, because fluorescence up-conversion measure-
ments set a lifetime of the emissive state in the range
50—300 fs,#2545556:59 jn disagreement with the ~10
fs lifetimes suggested for the S, state in the frame-
work of this model.

Another way to test if the intermediate state
observed in the time-resolved data could be the 1B~
state is to monitor the spectral shift of the excited-
state absorption corresponding to the intermediate
state as a function of conjugation length. To account
for the strong excited-state absorption, the final state
must be of 1A4* symmetry if the initial state is to be
the 1B, state. Then, because the energy dependence
on conjugation length is steeper for the 1B, state
than that for the 1A4" state (Figure 9), the 1B, 1A4*"
energy gap increases with conjugation length and,
consequently, the 1B, excited-state absorption should
shift toward blue with increasing conjugation length.
However, an opposite result was obtained by global
analysis of transient absorption data.”? Thus, it
seems that the 1B, state is not the intermediate
state observed in the time-resolved experiments.

It is also worth noting that transient absorption
spectra recorded in the near-infrared region for
spirilloxanthin under different experimental condi-
tions gave qualitatively different results. Fujii et al.”?
observed distinct spectral changes in the near-
infrared region attributed to the presence of an
intermediate state, but this dynamics was absent
when lower excitation energies were used.®” Simi-
larly, in studies on pj-carotene, no excited-state
absorption bands in the spectral region 650—850 nm
were observed,%619 where the S, excited-state ab-
sorption should be present according to the relaxation
model with an intermediate state.''® Although the
earlier experiments used substantially worse tem-
poral resolution than the 15 fs used by Cerullo et
al.,!*% preventing monitoring the dynamics on very
short times scales, response-limited spectral bands
should have been observed, which was obviously not
the case.’%101 Consequently, one can speculate that
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a part of the dynamics ascribed to the intermediate
state could be actually induced by nonlinear effects
caused by either too high excitation intensities or
very short pulses having extremely high peak inten-
sities. Thus, although the intermediate state facili-
tating the S,—S; internal conversion would help to
cure difficulties to explain the mechanism of the
ultrafast S,—S; relaxation, to prove or disprove this
hypothesis more experiments on carotenoids with
different structures and conjugation lengths includ-
ing dependencies of the observed dynamics on inten-
sities of both pump and probe pulses are needed.

Another relaxation pathway extending the original
S; — S1 — Sp scheme involves the S* state, which
was found in the transient absorption spectra of
longer carotenoids where it exhibits a pronounced
shoulder at the high-energy side of the S;—Sy\ band.
The S* state is more pronounced when carotenoids
are bound to light-harvesting proteins of purple
bacteria,?11~113 and the role of the S* state in these
systems will be discussed in section 4.1. In solution,
the S* state was detected in spirilloxanthin,? lyco-
pene, -carotene, and zeaxanthin.'*® In all cases, no
dynamics occurring between the S* and S; states was
observed, and both these states decay independently
to the ground state. The S* lifetime is approximately
6 ps for all four carotenoids.?>1% Thus, if the S* state
is a separate excited state located below the S, state,
this pathway differs significantly from the S, — 1B,
— S; — Sp model, as the S* state does not represent
an intermediate state (Figure 11C). The model pro-
posed by Gradinaru et al. for spirilloxanthin includes
two separate relaxation pathways S, — S; — Sp and
S, — S* — Sy that operate in parallel. The fact that
the S; and S* states do not interact with each other,
although their energies are proposed to be rather
close,?® is quite intriguing. This puzzle can be,
however, resolved in a model suggested by Wohlleben
et al., who proposed a different origin for the S* state
in solution. Using pump—dump—probe spectroscopy,
these authors demonstrated that the S* state is not
populated from the S, state, as the depletion of S,
population decreased the S;—Sn ESA but not the
signal originating from the S* state.''> On the basis
of these results, the S* state was proposed to be a
vibrationally hot ground state populated by impulsive
Raman scattering of the pump pulse, leading to a
modification of the relaxation scheme depicted in
Figure 11C. This is, however, in disagreement with
observation of energy transfer from the S* state to
BChl-a in bacterial light-harvesting complexest!~113
that clearly suggests that the S* state in protein
environment must be higher than the Q, state of
BChl-a. Thus, to avoid this apparent contradiction,
Wohlleben et al. suggested that the S* states ob-
served in experiments performed in solution and in
protein environment are of different origin. While in
solution the S* state is a vibrationally hot ground
state, in light-harvesting complexes the observed S*
state is indeed a separate excited state.''®> Since the
similarity of both spectral and temporal character-
istics of the S* state in solution and protein environ-
ment makes such a situation rather unlikely, the
origin of S* in solution remains to be established. The
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discussion of the possible origin of the S* state in
light-harvesting complexes is left for the section
describing the role of the S* in light-harvesting
complexes (section 4.1.).

A further modification of the S, — S* — Sy model
shown in Figure 11C was proposed by Larsen et al.*16
In addition to the ‘normal’ relaxation pathway in-
volving the S* state, yet another relaxation channel
involving the recently discovered S* state is operating
when higher vibrational levels of the S, state are
excited. Excess energy in the S, state opens a new
relaxation pathway that competes with S, vibrational
relaxation and populates the S* state that decays
directly to the ground state.'®

Besides the relaxation pathways involving solely
singlet excited states, a few studies demonstrated
formation of other states on the subnanosecond time
scale under certain conditions. Because of the strong
S;:—Sp vibrational coupling leading to the short S;
lifetime, the quantum vyield of intersystem crossing
is very low, on the order of 107, preventing ap-
preciable formation of the triplet state.'® Neverthe-
less, using 355 nm excitation, formation of the
[-carotene triplet state on the picosecond time scale
with an intersystem crossing yield of ~10-2 was
demonstrated.'®* No significant differences were found
between different g-carotene isomers, showing that
the ultrafast formation of the triplet state is not due
to direct excitation of the cis-peak. This result sug-
gests that UV excitation can open new relaxation
channels that are not functioning when the lowest
vibrational levels of the S, state are excited. Another
indication of such new relaxation channels is offered
by some measurements of excitation spectra of sphe-
roidene and its shorter (N = 9) analogue 3,4-dihy-
drospheroidene, whose excitation spectra do not
match the absorption profile below 450 nm.”®

Formation of carotenoid radicals directly from
singlet excited states was also suggested.*®® Studies
of p-carotene in chlorinated solvents indicated an
ultrafast electron transfer between g-carotene and
the solvent, forming a -carotene radical cation that
is readily detectable by its strong absorption in the
near-infrared region.'3® Using 430 nm excitation,
Zhang et al.'®” demonstrated radical formation di-
rectly from the S, state with a time constant of 140
fs. On the contrary, it was suggested that electron
transfer proceeds from either the vibrationally hot
S; state or the intermediate 1B, state in experi-
ments using 30 ps pulses centered at 266, 355, and
532 nm. Although the time resolution did not allow
a very precise determination of time constant of
pB-carotene radical formation, it was concluded that
the radical is formed in less than 10 ps for all
excitation wavelengths, with a yield of more than
109,138

4. Excited States of Carotenoids in
Pigment—Protein Complexes

Most of the biological functions of carotenoids are
carried out when carotenoids are bound to specific
proteins. Although a number of carotenoid-binding
proteins are known to date, excited-state properties
of carotenoids were studied in detail only in light-
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harvesting complexes. There are two main reasons
for the lack of knowledge about carotenoid excited
states in other carotenoid-binding proteins. First,
structures of a few light-harvesting complexes are
known in great detail; the conformation of a caro-
tenoid and its interaction with the protein environ-
ment deduced from the structure facilitates the
studies of excited-state properties. Second, in light-
harvesting complexes, carotenoids serve as antenna
pigments, making their excited states directly in-
volved in the light-harvesting process, a vital function
in all photosynthetic organisms. For other carotenoid-
binding proteins, the relation between excited states
properties and biological function of carotenoids is
not always apparent, although, for example, caro-
tenoid-binding proteins found in the human eye are
potential candidates for involvement of carotenoid
excited states in photoprotection. However, even for
carotenoid-binding proteins that are not involved in
light-triggered reactions, studies of carotenoid excited
states can be helpful for investigating the interac-
tions between carotenoids and protein environment,
which can be of key importance for understanding
the molecular functions of carotenoids in various
biological tissues.

4.1. Carotenoids in Light-Harvesting Complexes
from Purple Bacteria

The properties of excited states of carotenoids in
pigment—protein complexes are the best understood
in light-harvesting complexes in purple bacteria,
because their detailed structural knowledge provides
an ideal platform for experimental and theoretical
investigations of energy-transfer processes between
carotenoids and BChl. To date, structures of two
light-harvesting complexes were resolved in great
detail. In 1995, the LH2 complex from Rhodopseudo-
monas (Rps.) acidophila containing the carotenoid
rhodopin glucoside was determined with 2.5 A reso-
lution,’3® and the 2.4 A structure of the LH2 complex
from Rhodospirillum (Rs.) molischianum containing
lycopene followed shortly after.’*® The structure,
depicted in Figure 12, revealed the BChl-a and
carotenoid molecules arranged in a ring with its axis
perpendicular to the membrane plane. The elemen-
tary building blocks of LH2 complexes are of-
polypeptide pairs that bind two strongly coupled
BChl-a molecules absorbing at around 850 nm (B850),
one BChl-a molecule having an absorption band at
800 nm (B800), and one carotenoid molecule span-
ning the membrane. The carotenoid is in close contact
with both the B800 and B850 molecules with the
closest distances 5.4—9.3 A to the central Mg atoms
of the neighboring BChl-a molecules.’®® The main
difference between the two LH2 structures, apart
from accommodating different carotenoids, is that
while the LH2 of Rs. acidophila exhibits 9-fold
symmetry, LH2 of Rs. molischianum contains only
eight elementary building blocks. A hydrogen bond
between rhodopin glucoside and the B800 BChl was
found by quantum chemical calculations on LH2 of
Rps. acidophila.*! The pigment arrangement of LH2
allows carotenoids to serve as efficient donors in the
light-harvesting process, but it was also discovered
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Figure 12. (Bottom) Arrangement of carotenoid and
BChl-a molecules within the LH2 antenna complex of Rps.
acidophila. The B800 BChl-a molecules are depicted in
green and the tightly coupled B850 BChl-a molecules in
red. The carotenoids are shown in yellow. (Top) Absorption
spectrum of the LH2 complex from Rps. acidophila. The
horizontal bars show spectral regions of BChl-a (purple)
and carotenoid (orange) absorption bands.

that they are good probes of processes involving
BChl-a molecules, because they are very sensitive to
electric fields. The carotenoid band shifts observed
in LH2 complexes were interpreted as resulting from
the local electric field associated with excitation of
nearby BChl-a molecules,*? and this explanation was
also supported by calculations.’*® Linear dichroism
measurements showed that the transition dipole
moment of rhodopin glucoside in LH2 is 9.1° off axis
from the z-electron conjugated chain,°%144 and it was
concluded that this deviation is not due to perturba-
tions by the protein environment but is rather a
consequence of the single—double bond alternation
in carotenoids. Moreover, intermolecular s-r stacking
interactions between lycopene and the surrounding
aromatic amino acid residues were found by means
of quantum chemical calculations on the LH2 struc-
ture of Rs. molischianum.%> These interactions were
suggested to be a molecular mechanism for binding
of carotenoids in LH2, and as shown later for other
complexes, the role of z-7 stacking interactions in
carotenoid binding may be a general feature of
photosynthetic proteins.'#®

Importantly, refinement of the structure of LH2
from Rps. acidophila to 2.0 A was reported recently,

Chemical Reviews, 2004, Vol. 104, No. 4 2045

revealing a second carotenoid molecule in the el-
ementary building block that was not resolved in the
initial structure.'” The second rhodopin glucoside is
located at the periphery of the LH2 complex, and it
adopts a cis-configuration. Nevertheless, it was sug-
gested that the observed cis-form could result from
the preparation procedure and the actual in vivo
configuration is likely to be all-trans.'*’ Earlier
chemical analyses determined a carotenoid/BChl
ratio of 1:2 in a few LH2 complexes.#814° This
suggests that the situation is not unique for Rps.
acidophila, but it is likely that also other LH2
complexes possess the second carotenoid. It is, how-
ever, worth noting that spectral reconstitution re-
sulted in a ratio of ~1:3 for Rps. acidophila and Rs.
molischianum,'®® indicating that the second caro-
tenoid on the periphery of LH2 might be removed
during preparation in some cases. Since all studies
of carotenoid—BChl energy transfer in LH2 com-
plexes were so far interpreted in terms of only one
carotenoid in the elementary building block (with the
exception of ref 151), this finding will certainly
influence our understanding of carotenoid function
in LH2 complexes.

Besides the two structures described above, struc-
tural information with lower resolution is also avail-
able for other complexes. Cryo-electron microscopy
studies of the LH2 complex from Rhodobacter (Rb.)
sphaeroides revealed 9-fold symmetry of this complex
and suggested that the structure is similar to the one
from Rps. acidophila.’52 Similarly, an 8.5 A resolution
electron microscopy projection map of LH1 from Rs.
rubrum?3 revealed a ring consisting of 16 subunits,
each of which accommodates two BChl-a molecules
and the carotenoid spirilloxanthin.

That carotenoids can transfer energy to BChls was
known long before the X-ray structures were re-
solved. On the basis of fluorescence excitation spec-
tra, carotenoid—BChl energy-transfer efficiencies of
80—100% were reported for Rb. sphaeroides contain-
ing spheroidene (N = 10),'%156 while lower values
between 35% and 70% were obtained for Rps. acido-
phila containing rhodopin glucoside (N = 11).156-158
The carotenoid—BChl energy-transfer yield drops to
~30% for LH1 of Rs. rubrum containing spirilloxan-
thin (N = 13).1%° Less than 25% efficiency was
obtained for Rps. palustris accommodating rhodovi-
brin (N = 12) as the dominating carotenoid.>®

Initial suggestions regarding the mechanisms and
pathways of carotenoid—BChl energy transfer in LH2
and LH1 complexes proposed energy transfer via the
S; state, because of extremely fast deactivation of the
S, state. The forbidden nature of the S; state,
however, led to a suggestion that the Dexter electron
exchange mechanism is active in this process.160-162
However, the first time-resolved experiments per-
formed in the early 1990s showed that following
excitation of carotenoids, the B850 Q, state was
populated in less than 200 fs, signaling that both the
S; and S; states may be efficient donors in the
carotenoid—BChl energy-transfer process.163164 Cal-
culations of carotenoid—BChl energy transfer for
neurosporene also led to the conclusion that both the
S; and S; states can be active in energy transfer.16°
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When LH2 structures to atomic resolution became
available,39140 3 number of experimental and theo-
retical investigations of energy-transfer mechanisms
and pathways between carotenoids and BChls con-
firmed the initial proposal that both the S; and S,
states are involved in the energy-transfer processes.
It was also concluded that the precise pathways and
directions of energy flow are governed mainly by the
conjugation length of the involved carotenoid. In
addition, new experimental approaches and improved
methods of data analysis recently revealed new
energy-transfer pathways that contribute to the
overall carotenoid—BChl energy transfer in light-
harvesting complexes of purple bacteria. A schematic
representation of energy-transfer pathways within
LH2 complex that are in detail described below is
depicted in Figure 13.
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Figure 13. Schematic representation of energy levels and
energy-transfer pathways between carotenoids and BChl-a
in the LH2 complex. Double arrow represents excitation
of the S, state of a carotenoid. Wavy arrows denote
intramolecular relaxation processes, while the dashed
arrow represents the long-lived BChl-a fluorescence. Solid
arrows represent the dominating energy-transfer channels
involving the S; and S; states, although the S; channel can
be completely suppressed in some LH2 species. The dotted
lines represent minor energy-transfer channels that usu-
ally contribute only fractionally to the total energy trans-
fer: the pathway via higher vibrational levels of the S;
state and the pathway via the S* state observed for some
LH2 complexes. Energy-transfer pathways are labeled by
the corresponding time constant. See text for details.

4.1.1. Energy Transfer via the S, State

Absorption spectra of carotenoids in LH2 and LH1
complexes resemble well those obtained for caro-
tenoids in solution, except for a red shift of ~1000
cm™?! caused by interaction with the protein environ-
ment (Figure 12). The vibrational substructure of the
carotenoid S; state in LH2 is usually very similar to
that obtained in solution, although for some caro-
tenoids the protein environment represents a con-
finement of the carotenoid structure, leading to a
better resolution of vibrational bands of the S, state
in protein. This situation is characteristic of rhodopin
glucoside, whose glucoside ring at the end of the
conjugated chain introduces a large asymmetry into
the molecule, leading to a broad distribution of
ground-state conformers in solution. In LH2 of Rps.
acidophila, however, only one particular conforma-
tion is achieved, leading to better-resolved vibrational
bands of the S, state.®?
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The first experimental data on energy transfer via
the S, state was obtained by fluorescence up-conver-
sion. S, emission decays of spheroidene in LH1 and
LH2 complexes of Rb. sphaeroides yielded time
constants of 55 and 80 fs, respectively.>* Comparing
these results with the markedly longer decays in
solution (~150—250 fs), it was concluded that energy
transfer via the S, state takes place with time
constants of 90 fs for LH1 and 170 fs for LH2
(corresponding efficiencies of 65% and 47%, respec-
tively), demonstrating that energy transfer can suc-
cessfully compete with S,—S; internal conversion. On
the basis of spectral overlap, it was concluded that
energy transfer via the S; state occurs to the Qy state
of Bchl.>* Similar results were reported for the B800—
B820 LH2 complex from Rps. acidophila, for which
analysis of up-conversion kinetics supported by cal-
culations yielded an S,-Qy energy-transfer rate of
(120—150 fs)~L. The S,-Q channel was concluded to
be the dominating one, accounting for 60% of the total
energy-transfer efficiency.'®® Later, up-conversion
experiments were carried out on the wild-type B800—
B850 LH2 complex of Rps. acidophila and a complex
lacking the B800 BChls. Upon combining the results
for these two LH2 complexes, Macpherson et al.
addressed the question of energy acceptors in the
carotenoid—BChl energy transfer.>® An observed
overall efficiency of S,-mediated energy transfer of
51% confirmed the results obtained for the B800—
B820 complex,®® and it was in addition shown that
20% of the S, population transfers energy to B800
BChl while the rest (31%) goes to B850.

The fast and efficient S, energy-transfer pathway
was also observed by transient absorption measure-
ments. A study of the LH2 complex from Chromatium
purpuratum accommodating the carotenoid okenone
(N = 11+ C=0) revealed S,-mediated energy trans-
fer characterized by a time constant of 50—100 fs.15!
Excitation of okenone in the wavelength range
580—590 nm led to a partial excitation of the BChl
Qx band, making the estimation of energy-transfer
efficiency rather difficult. The light-harvesting com-
plex from Chromatium vinosum containing spirillox-
anthin was studied by combination of transient ab-
sorption spectroscopy and time-resolved anti-Stokes
Raman spectroscopy,'®” but due to the limited time
resolution of ~0.5 ps, it was not possible to determine
the time constants precisely. Nevertheless, compari-
son of kinetics recorded for spirilloxanthin in solution
and in the protein allowed conclusion that the energy
transfer via the S, state must occur on a time scale
of ~0.2 ps. Interestingly, on the basis of anti-Stokes
Raman scattering it was suggested that both the Qy
and Qy states play a role of energy acceptors in the
S,-mediated energy transfer.'®” Improved data analy-
sis applied to transient absorption data enabled more
reliable separation of overlapping signals, usually
present in transient absorption spectra. Thus, global
analysis producing species associated spectra identi-
fied ~35% efficient S, energy transfer for spirillox-
anthin in the LH1 complex of Rs. rubrum,? and S,-
mediated spheroidene—Bchl energy transfer in LH2
from Rb. sphaeroides yielded an efficiency of 57%,1*
in good agreement with the up-conversion data. The
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same analysis, applied to transient absorption results
of LH2 from a carotenoidless Rb. sphaeroides R26
mutant lacking the B800 BChls with incorporated
spheroidene, revealed a 25% efficiency of the S,
pathway.'? Comparing with the 57% efficiency ob-
tained for the wild-type B800—B850 complex,! it
was concluded that both B800 and B850 Bchls must
be acceptors in energy transfer from the carotenoid
S, state. A more advanced method of data treatment
using evolutionary target analysis determined the
efficiency of the S, pathway in LH2 from Rps.
acidophila to 42%.113 Although this is less than 51%
determined by means of fluorescence up-conversion,
the difference is within the error limits, because the
calculations require precise knowledge of the S,—S;
internal conversion rate in LH2. Since the S,—S;
internal conversion rate depends on solvent param-
eters (section 3.1), it is not easy to determine an
accurate value for a protein environment, putting a
limitation on the precision of the determined S;
energy-transfer efficiencies.>® In addition, it was
shown that shaping of excitation pulses could control
the ratio between S,—S; internal conversion and
energy transfer. For LH2 from Rps. acidophila, an
increase, by a factor 1.4, of S,—S; internal conversion
was achieved by optimizing the envelope and phase
of the excitation pulses,'%® demonstrating that the
actual S, energy-transfer efficiency depends also on
other parameters. Higher efficiencies of 60—70% for
the S,-mediated energy transfer were reported for the
LH2 complex from Rb. sphaeroides G1C that has
neurosporene (N = 9) as the main carotenoid.'®®
Comparing the results on LH2 complexes containing
carotenoids with N = 9—13, there is a certain trend,
suggesting higher efficiency of the S, energy transfer
for shorter carotenoids. This trend is supported by
experiments on LH2 of the carotenoidless mutant Rb.
sphaeroides R26 with incorporated spheroidene ana-
logues of different conjugation lengths. With the help
of S;—S, internal conversion rates measured in
solution, overall carotenoid—BChl energy-transfer
efficiencies, and S;-mediated energy-transfer efficien-
cies, the efficiencies of S, energy transfer were
calculated. Although the LH2s with spheroidene
analogues having N = 8 and 9 have slightly less
efficient S, energy transfer than LH2 with spheroi-
dene (N = 10), the decrease of S; efficiency from 50%
(spheroidene) to 12% for the analogue having N =
13 supported the observed trend of decreasing S,-
mediated energy-transfer efficiency with increasing
conjugation length.1”® Although less efficient for very
long carotenoids, the S, energy-transfer route oper-
ates in all purple bacterial antenna complexes stud-
ied so far with efficiencies in the range 30—70%. In
a number of cases it represents the dominant energy-
transfer pathway between carotenoid and BChl.

The effective competition of S, energy transfer with
the S,—S; internal conversion was also rationalized
theoretically. The contribution of the electron-ex-
change (Dexter) energy-transfer mechanism'’ to the
S, energy transfer is negligible, and the Forster-type
mechanism dominates.1%>166.172 However, contrary to
the dipole—dipole interaction used in the Forster
formula,*”® full Coulombic interaction is usually used
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to calculate couplings between carotenoids and BChl.
Even without knowledge of detailed structural infor-
mation, Nagae et al.'%® calculated the Coulombic
couplings between the Sp—S, transition of neuro-
sporene and the Qy transition of BChl-a for a few
hypothetical configurations. They concluded that S,
energy transfer via this route can be faster than 100
fs, provided the proper orientation of donor and
acceptor is realized.’®® Determination of the LH2
structure provided detailed information about the
mutual orientation of pigments within LH2, allowing
more precise calculations of couplings between caro-
tenoids and BChl-a. Krueger et al. applied an ad-
vanced method, the so-called transition density cube
method, to calculate full Coulombic couplings be-
tween pigments in both B800—B820%¢ and B800—
B850'74 LH2 complexes from Rps. acidophila. This
method replaces the vector description of the transi-
tion dipole moments by three-dimensional transition
density volumes, which is expected to give a more
accurate account of the interaction between mol-
ecules.’™ The couplings of the Sy—S, transition of
rhodopin glucoside with all possible transitions of
neighboring BChl-a were calculated for the B800—
B820 complex, yielding couplings larger than 100
cm~t for 5-B820 Q,, B800 Qy, and also B800 Qy
transition of BChl-a located in the neighboring build-
ing block. However, due to the small value of the
spectral overlap integral for the Q, states, only the
S,—B820 Qy yielded an appreciable energy-transfer
rate of (240 fs)~1.166 Similar results were obtained for
the B800—B850 complex. Although the actual cou-
plings were slightly different from those calculated
for the B800—B820 complex, the S,—B850 Qy channel
represented the dominating route, characterized by
an energy-transfer rate of (135 fs)~1.17 The results
of these calculations are in very good agreement with
the observed depopulation rates of the S, state, but
the absence of significant coupling of the S, state to
the B800 Qy contradicts the experimental observation
that a substantial part of the S, route in Rps.
acidophila leads toward B800.5° On the other hand,
similar calculations using full Coulombic couplings
performed on the basis of the LH2 structure of Rs.
molischianum containing the carotenoid lycopene
yielded appreciable couplings of the Sp—S; transition
with both the B850 and B800 BChls, resulting in S,
energy-transfer times of 200 and 250 fs for the B850
and B800 acceptors, respectively.1’? Essentially the
same results were obtained by calculations of the
lycopene—BChl couplings by means of the collective
electronic oscillators algorithm.’®> An energy-transfer
rate of (120 fs)! was calculated for the S,—Q
channel, proposing an S, depopulation time of 69 fs
for lycopene in LH2. It is interesting to mention that
these calculations also proposed a strong coupling
between the By (Soret) band of both B800 and B850
BChls and the S, state of lycopene, indicating a
possibility of energy transfer from the BChl-a Soret
band to lycopene,'”® but no experimental evidence for
such transfer has been given so far. Also, calculations
of couplings were carried out for either isolated
molecules in LH2 complex and in a dielectric me-
dium, simulating the mean field created by protein
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environment. The effect of the dielectric medium on
couplings involving the S, state were quite signifi-
cant, underlining importance of protein effects.!’®
Thus, while the calculations reproduce well the
observed rates of S,-mediated energy transfer and
confirm the BChl-a Qy states being the energy ac-
ceptors in the S;-mediated energy transfer, there are
still contradictions regarding the branching ratio
between B850 and B800 acceptors. As no experimen-
tal studies of S, energy transfer in the LH2 complex
from Rs. molischianum are currently available, it is
not possible to verify the S, branching ratio calcu-
lated for this complex. Nevertheless, the energy
transfer between lycopene and BChl-a was investi-
gated in a LH2 mutant of Rb. sphaeroides. The S;
route was found to populate both B850 and B800
BChl for both lycopene mutant and the spheroidene-
containing wild type,®! but since the structure of LH2
from Rs. molischianum differs from that of Rps.
acidophila in certain aspects'*° and consequently also
from that of Rb. sphaeroides LH2 (expected to be
similar to the Rps. acidophila LH2%%?), direct com-
parison with the calculations on Rs. molischianum
is not possible.

4.1.2. Energy Transfer via the S; State

Efficient energy transfer via the S, state requires
the S; energies of carotenoids to be higher than those
of the acceptor states. Until recently, no information
about S; energies in LH2 and related light-harvesting
complexes was available, mainly due to the fact that
the most used techniques to locate S; energies of
carotenoids, detection of S; fluorescence and mea-
surements of resonance Raman profiles, were not
applicable to such complex systems. However, since
it was known that S; energies are usually insensitive
to solvent properties (except carbonyl carotenoids
that are not typical for purple bacterial light-harvest-
ing complexes), it was reasonable to assume that the
S; energies in LH2 and LH1 complexes should be
very close to those determined for carotenoids in
solution. Under this assumption, S; energies of
carotenoids with N < 10 were expected to be high
enough to transfer energy to the Qy states of both
B800 and B850 BChls. The first experimental evi-
dence of this fact was provided by investigation of
LH2 complexes from the Rb. sphaeroides R26 mutant
with incorporated spheroidene analogues of different
conjugation lengths. The efficiencies of S;-mediated
energy transfer were calculated from S; lifetimes of
carotenoids in solution and in LH2, obtained from
S1—Sn ESA decays. While for conjugation lengths N
> 11 the S; energy transfer was undetectable, a
guenching of the S; state due to energy transfer was
observed for shorter carotenoids.*’® This result was
explained in terms of spectral overlap between hy-
pothetical S; fluorescence and the B850 absorption
band, which became small for longer carotenoids.
Another direct experimental verification of the S;-
mediated energy transfer in the LH2 complex from
Rb. sphaeroides was obtained by means of two-photon
fluorescence excitation.'’® Forbidden for an one-
photon transition, the S; state can be excited directly
via a two-photon transition.'”” By measuring B850
emission after two-photon excitation of the S; state
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(achieved by exciting in the 1200—1500 nm spectral
range), Krueger et al. demonstrated active participa-
tion of the spheroidene S; state in energy transfer.
In addition, the two-photon excitation spectrum
enabled determination of the spectral profile of the
So—S; transition, placing the 0—0 energy of spheroi-
dene in LH2 at 13900 cm™1,'7® confirming the
similarity of the S; energies in LH2 and in solution.
It is worth noting, however, that the 0—0 band of the
So—S; transition was unreasonably weak, having
about 40 times less intensity than the 0—1 band.
Although no clear explanation of this phenomenon
was offered, later experiments suggested that it
might be due to the fact that the two-photon absorp-
tion spectrum reflects the energy-transfer efficiency
that does not necessarily mirror the Franck—Condon
intensities of the vibrational bands. Indeed, the
possibility of energy transfer from higher vibrational
levels of the S; state of spheroidene was demon-
strated later.t1%:112

Zhang et al. used three LH2 complexes, accom-
modating different carotenoids, to investigate the
dependence of S;-mediated energy-transfer efficiency
on conjugation length of the carotenoid.’’® On the
basis of measured S; lifetimes of neurosporene (N =
9), spheroidene (N = 10), and lycopene (N = 11) in
solution and LH2, a dramatic decrease of S; energy-
transfer efficiency was observed; it dropped from 94%
(neurosporene) to 82% (spheroidene) and further to
less than 30% (lycopene) as the conjugation length
increased from 9 to 11. Similar results were obtained
for spheroidene and rhodopin glucoside in LH2
complexes from Rb. sphaeroides and Rps. acidophila
by means of measurements of S;—Sy kinetics after
two-photon excitation of the S; state.®* These authors
confirmed the ~1.8 ps S; lifetime of spheroidene in
LH2, but for rhodopin glucoside, a longer S; lifetime
(6—7 ps) than in solution was observed, suggesting
that there is no energy transfer via the S; state for
rhodopin glucoside.®* A few subsequent studies con-
firmed this trend and established that for carotenoids
with N = 11 the S; state is too low to achieve efficient
energy transfer via the S; state, although the long
S; lifetime of rhodopin glucoside observed by Walla
et al.®* was not confirmed by other authors. Instead,
an S; lifetime of 3.7 ps was measured for rhodopin
glucoside in LH2, while values of 4.1-4.9 ps were
recorded in solution, showing that the S; energy-
transfer efficiency is around 5% in LH2.5° The same
S lifetime of 3.7 ps for rhodopin glucoside in LH2
was measured recently,’*® while a slightly longer
value (4 ps) was determined by Polivka et al.®? A
study of a Rb. sphaeroides mutant synthesizing the
longer lycopene instead of spheroidene present in
wild-type LH2 proved that the efficiency of S; energy
transfer is fully determined by the conjugation length
of the carotenoid, while the protein environment
plays only a negligible role. When lycopene is present
in the complex, the efficiency of S;-mediated energy
transfer drops to about 20%, while more than 80%
is achieved in the wild type.®* Further evidence that
carotenoids with N = 11 are on the edge of capability
to transfer energy via the S; state was provided by
studies of LH1 complexes from Rs. rubrum contain-
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ing spirilloxanthin (N = 13). Within experimental
error, no difference between S; lifetimes in solution
and in the LH1 complex was found.?°16” The same
result was obtained for LH2 complexes from Rb.
sphaeroides R26 reconstituted with spirilloxanthin,*?
suggesting that no S;-mediated energy transfer is
possible for spirilloxanthin because the S; energy is
too low for efficient overlap with BChl Q, states. It
is worth noting, however, that S; energy transfer was
reported for the B800—B830 LH2 complex of Chro-
matium purpuratum having the carotenoid okenone,
which possesses 11 C=C bonds and a conjugated
carbonyl group.'® The S; lifetimes in CS; solution
and in the LH2 complex were determined to be 8 and
3.8 ps, yielding quite efficient energy transfer via this
route. However, since okenone contains a carbonyl
group, the observed shortening of the S; lifetime
could be caused also by a change of polarity of the
environment as it was shown for other carbonyl
carotenoids.?246

The significance of spectral overlap for the S;-
mediated energy transfer was recently confirmed by
measurements of the S; energies of spheroidene and
rhodopin glucoside in LH2 complexes by recording
the S;—S; spectra (Figure 14). S; energies of 13 400
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Figure 14. Near-infrared transient absorption spectra of
LH2 complexes from Rb. sphaeroides recorded at 2 (full
squares) and 20 ps (open squares). Excitation wavelength
is 515 nm. The transient absorption spectrum measured
after excitation of the B850 band is shown for comparison
(dotted line). The B850 band was excited at 850 nm, and
the transient spectrum after 850 nm excitation was nor-
malized to have the same magnitude of B850 bleaching as
the transient spectra excited in the carotenoid region. Inset
shows spectral profiles of the amplitudes of the 1.7 (full
squares) and 8 ps (open circles) decay components as
extracted from multiexponential global fitting of the kinet-
ics, demonstrating the different origin of the 960 nm band
(carotenoid radical) and 1600 nm band (S;—S; ESA).

+ 100 cm~* and 12 550 + 150 cm™! were determined
for spheroidene and rhodopin glucoside, respec-
tively,®? showing that the difference of 850 cm™?
makes a dramatic change in the energy-transfer
pathways in these two LH2 complexes. In the case
of spheroidene, the S; energy extracted from the
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S1—S; spectra is the same as that determined by this
method in solution, while for rhodopin glucoside the
S; energy is 250 cm™? lower than that in solution.®?
This difference was explained by confinement of
rhodopin glucoside in the LH2 structure, which
narrows the distribution of conformers presented in
solution.

Together with the spectral overlap, calculations of
the couplings between the Sy—S; transition and Qy
transitions of both B800 and B850 demonstrated that
the observed S; transfer rates can be explained in
terms of the same energy-transfer mechanism as for
the S, route. Although the very small transition
dipole moment of the So—S; transition led initially
to a suggestion that the Dexter mechanism had to
be invoked,'%°-162 more detailed calculations later
showed that the Dexter contribution is negligible and
that higher-order Coulombic and polarization inter-
actions dominate the Sj;-mediated energy trans-
fer.165172.174175179 |n g few works, the Coulombic
couplings for the S; state were obtained by scaling
down the couplings calculated for the S, state, using
an estimate that the transition dipole moment of the
So—S; transition is about 4—6% of the So—S, transi-
tion. Although the results of this approach were
promising, the calculated rates could not reproduce
the measured energy-transfer rates.'’2178 To resolve
this problem, an increase of So—S; Coulombic cou-
pling via intensity borrowing from the allowed S,
state due to S,—S; mixing was proposed.'’>178 Under
the assumption that the degree of mixing is inversely
proportional to the square of the S;—S, energy gap,
Zhang et al. calculated S; energy-transfer rates for
LH2 from Rs. molischianum that were reasonably
close to the measured values.'”® Further improve-
ment of the agreement between experiment and
theory was obtained by calculations of Coulombic
couplings by means of time-dependent density func-
tional theory (TDDFT).*4%0 This method confirmed
that small mixing between S, and S; states plays an
important role in the Coulombic coupling. S; energy-
transfer rates for LH2 complexes from three different
species of purple bacteria were calculated using the
Coulombic couplings obtained from TDDFT, and the
obtained values (9 ps)™! (Rs. molischianum), (1.2
ps)~! (Rb. sphaeroides), and (3 ps)~* (Rb. sphaeroides
G1C)*® are very close to the experimental ones of (12
ps)~, (2.4 ps) 1, and (1.4 ps) .18 For LH2 from Rps.
acidophila, an S; energy-transfer time >25 ps was
calculated,*® also in a good agreement with the very
low efficiency obtained experimentally.59113

Regarding energy acceptors in the S;-mediated
energy-transfer route, both B800 and B850 Bchls are
capable of accepting energy from carotenoids, but the
S;—B800 channel seems to be the dominating one.
In experiments employing incorporation of spheroi-
dene into LH2 from the carotenoidless Rb. sphaeroi-
des R26 mutant lacking B800 BChl, the efficiency of
energy transfer via the S; pathway reached only
35%.%12 This is significantly less than ~80% observed
for the LH2 containing both B800 and B850,% 94178
signaling that the main pathway involves B800 as
an acceptor. The same conclusion was reached for
LH2 from Rps. acidophila. Although the S; efficiency
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is only 4—5% in the wild-type complex,%1*® removing
the B800 BChls led to a complete absence of S;
energy transfer.%° Similar to the S;-mediated energy
transfer, the experimentally observed branching
ratios are not fully consistent with calculations.
Whereas for Rb. sphaeroides the calculated branching
ratio, yielding ~1:5 (B850:B800), overestimates the
B800 pathway, for Rps. acidophila the calculated
branching ratio is 3:2,% in obvious contradiction with
experiments.5°

In addition to the S;-mediated energy transfer
occurring from the thermalized S; state discussed
above, a fractional energy-transfer channel from the
vibrationally hot S; state was also proposed. This
type of energy transfer was first revealed in the
LHCII complex from higher plants® and later proved
to be active also in the LH2 complex of Rb. sphaeroi-
des. Using global analysis of their data, Papagian-
nakis et al. observed the decay of a species-associated
spectrum corresponding to the vibrationally hot S;
state, suggesting the presence of an energy-transfer
channel via the hot S; state.''* The contribution of
this pathway to the total energy-transfer efficiency
was only 5%. Interestingly, no such pathway was
found when spheroidene was incorporated into the
carotenoidless LH2 Rb. sphaeroides R26 mutant
lacking B800. This was interpreted in terms of B800
being the only acceptor for this energy-transfer
pathway.'? Similarly, the energy-transfer pathway
via hot S; state is absent in the LH2 complex from
Rps. acidophila,’'® the LH1 complex from Rs. ru-
brum,?° and LH2 complex from Rb. sphaeroides R26
reconstituted with spirilloxanthin,'?2 demonstrating
that this channel is of minor importance for overall
energy transfer in light-harvesting complexes from
purple bacteria (Figure 13).

4.1.3. Other Pathways

Another important channel involving carotenoid
excited states in purple bacterial light-harvesting
complexes, besides the S;- and S;-mediated energy
transfer, is a pathway via the S* state. The initial
study, which reported the discovery of the S* state
in the excited-state manifold of the carotenoid spir-
illoxanthin in both solution and the LH1 complex of
Rs. rubrum,?® revealed a significant difference be-
tween the dynamics of the S* state in solution and
in the LH1 complex. In solution, the S* state exhib-
ited only one decay channel to the ground state, but
in the LH1 complex the S* state was also found to
be a precursor of fast (~12 ps) formation of a
spirilloxanthin triplet state. A relatively high triplet
yield of 25—30% was explained to be a result of a
conformational distortion of spirilloxanthin in the
LH1 complex, promoting the triplet formation via
singlet homofission from the S* state.?® Further
studies confirmed the triplet state formation via the
S* state for other complexes containing different
carotenoids. The yields of triplet formation varied
from nearly 40% for rhodopin glucoside in LH2 from
Rps. acidophila®?® to less than 10% for spheroidene
in both native LH2 from Rb. sphaeroides''! and
incorporated into the Rb. sphaeroides R26 mutant.!'?
Interestingly, reconstitution of LH2 from Rb. sphaeroi-
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des R26 with spirilloxanthin led to an observation of
a triplet yield of 5—10%, markedly lower than for
spirilloxanthin in LH1 of Rs. rubrum.!? This obser-
vation suggests that the protein environment is a
crucial factor governing the formation of the triplet
via singlet homofission, and it strongly supports the
conclusion that the twisted conformation of spiril-
loxanthin in LH1 is a necessary prerequisite for
efficient homofission, since in LH2 the conformation
of carotenoid is rather planar.'*?> However, it turned
out that the decay to the Sy state and triplet forma-
tion are not the only possible fates of the S* state in
LH2 complexes. While it is true for the LH1 complex
of Rs. rubrum, in LH2 complexes containing either
spheroidene or rhodopin glucoside, the S* state also
contributes to carotenoid—BChl energy transfer. For
spheroidene in LH2 of Rb. sphaeroides, S*-mediated
energy transfer contributes 10—15% to the total
spheroidene—BChl energy transfer.*'* An upper limit
of 5% for the energy-transfer yield via the S* state
was estimated for spheroidene incorporated into
carotenoidless Rb. sphaeroides R26 mutant lacking
B800, suggesting that B800 BChl might be crucial
in this energy-transfer channel.'*? For rhodopin glu-
coside in Rps. acidophila LH2, the S*-mediated
channel represents more than 10% of the total energy
transfer, and it has even higher energy-transfer
efficiency than the S; state.!® Since the low efficiency
of the S;-mediated channel in this complex is due to
the too low energy of the S; state, this is another piece
of evidence that S* is actually located above the S;
state.

While the importance of the S* state for the
functionality of carotenoids in LH2 and LH1 com-
plexes was conclusively demonstrated, the origin of
the S* state is still a matter of debate. While in
solution a vibrationally hot ground state was sug-
gested as one of the possible origins besides the S*
state being a separate excited state,’*® existence of
S*—BChl-a energy transfer in light-harvesting com-
plexes described in the previous paragraph rules out
this possibility. Thus, in the protein environment, the
1B, state is one of the possible candidates because
it should be located between the S; and S, states
(section 3.3), and, similar to the S* state, it is a dark
state. In addition, the 1B, state bears a double
triplet character, a necessary prerequisite for singlet
homofission. Recent investigations indeed proposed
the 1B, state as a likely candidate for the S*
state.!'1:113 Even though this is apparently the most
straightforward explanation of the presence of the S*
state, this assignment is still problematic. It was
confirmed in a few independent experiments that
there is no S; <> S* internal conversion,?*111~113 which
contradicts the hypothesis of the 1B,,~ state being the
intermediate state in the S,—S; internal conver-
sion.14155189 This problem could be explained if the
potential-energy surfaces of the S* and S; states have
a substantial relative shift, creating a barrier be-
tween these states.!' Recent experiments demon-
strating that the S* state has no detectable S*-S,
absorption®” supports this hypothesis. Then, S* could
indeed be identical to the 1B, state, being vibra-
tionally coupled to the ground state and located above
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the S; state, explaining its longer lifetime as com-
pared to the S; lifetime. However, although only a
few carotenoids have been subjected to studies focus-
ing on the S* state so far, it seems obvious that the
lifetime of the S* state does not follow the trend
known for the S; state. While the S; lifetime is
changed systematically from ~9 (spheroidene) to 4.1
(rhodopin glucoside) and 1.5 ps (spirilloxanthin) as
a result of increased conjugation length from 10 to
13 (Table 2), the S* lifetime does not follow this trend.
The intrinsic S* lifetimes (in the absence of energy
transfer) in LH2 and LH1 complexes of ~12 (sphe-
roidene),’! 32 (rhodopin glucoside),*® and 8 ps (spir-
illoxanthin)?° are scattered randomly without any
obvious relation to the conjugation length. This
makes it rather difficult to assign the S* to the 1B,
(or even 3A7) state. The energy dependence of the
1B, state on conjugation length is predicted to be
even steeper than that of the S; state.’* 5> Therefore,
the So—1B,~ energy gap should decrease rapidly with
conjugation length, making the S* lifetime strongly
correlated with the conjugation length, which is
clearly not the case. The same problem occurs if one
tries to assign the S* state to the 3A,~ state, although
this assignment might be more reasonable due to the
absence of the S* state in shorter carotenoids.

It should be mentioned that the 1B,~ state was
actually proposed to be active in energy transfer
between carotenoids and BChl in LH2 complexes, but
the suggested transfer pathway was different from
that involving the S* state. With the help of an
assignment of transient absorption signals of caro-
tenoids measured for carotenoids in solution in the
840—1040 nm region to the S, and 1B, states,’®
Zhang et al. performed global analysis of transient
absorption data obtained in the same spectral region
for the LH2 complex of Rb. sphaeroides G1C contain-
ing neurosporene.'®® The authors concluded that in
order to explain satisfactorily all spectral compo-
nents, the 1B, state must be involved in neuro-
sporene—BChl energy transfer. In the proposed
scheme, however, the 1B, state is treated as an
intermediate state in the S,—S; internal conversion
and the energy transfer from the absorbing S, state
is inefficient since the S, population is transferred
to the 1B, state on the sub-100 fs time scale. In this
picture, the 1B, state would transfer energy to the
Qyx state of BChl-a, competing with fast (~300 fs)
1B, —S; internal conversion.®

A completely different pathway involving caro-
tenoid excited states was recently discovered in the
LH2 complex from Rb. sphaeroides. A distinct spec-
tral band at 950 nm in the transient absorption
spectra was assigned to the spheroidene radical
cation (Figure 14), formed within the first 300 fs after
excitation and decayed with 8 ps time constant.% It
was suggested that the radical is formed with a yield
of 5—8%, and its formation was rationalized by
calculations on a spheroidene—BChl-a complex, in-
dicating the presence of charge-transfer states that
can be precursors of radical formation in the LH2
complex. Comparison with LH2 complexes from Rps.
acidophila showed that the radical formation is
dependent on carotenoid and/or the specific sur-
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rounding of the carotenoid, because no sign of rhodop-
in glucoside radical was detected. Initially, it was
hypothesized that the 950 nm band could also be due
to a transition involving the S* state,® but this
possibility was ruled out due to the absence of this
band in spirilloxanthin.®”

It is apparent that detailed structural information
in combination with development of time-resolved
spectroscopic techniques and data analysis during the
past few years vastly improved our knowledge about
energy-transfer processes between carotenoids and
BChl in LH2 and LH1 complexes. On the other hand,
these improvements brought a number of still unan-
swered questions regarding the origin of the involved
states, directions and efficiencies of energy transfer,
and effects of protein environment. New experimen-
tal approaches are particularly important to resolve
these issues, and, for example, recently introduced
methods to control energy flow in LH2 complexes,16®
pump—dump—probe spectroscopies,'®11¢ or femto-
second resonance Raman®¢125 hold promise to be
powerful tools to disentangle the complicated net-
work of energy-transfer pathways in these systems.

4.2. Carotenoids in LHCII and Related Proteins

The antenna complexes associated with Photosys-
tem Il (PSII) in green plants consist of a number of
proteins belonging to the Lhcb gene family.181 A
higher structural complexity of these proteins, which
usually bind more than one type of carotenoid in
addition to Chl-a and Chl-b molecules,*®? results in
a more complicated network of possible energy-
transfer and internal conversion pathways. Nonethe-
less, the energy transfer between carotenoids and
Chls was extensively studied in recent years, because
in addition to the light-harvesting function, singlet
excited states of carotenoids in these complexes were
also suggested to play a photoprotective role, in which
the ‘back’ energy transfer from Chl to carotenoid was
the central issue. Yet, the understanding of energy-
transfer pathways between carotenoids and Chl
molecules in light-harvesting complexes of green
plants is poorer than for their purple bacterial
counterparts.

The most abundant protein of the Lhcb family is
LHCII, which is located at the periphery of PSII,
while minor light-harvesting proteins called CP29,
CP26, and CP24 are located close to the core of the
PSII supercomplex.*® Structural knowledge of the
Lhcb proteins is based on the crystal structure of
LHCII, whose structure was determined with 3.4 A
resolution.®® The structure shows that the native
form of LHCII has a trimeric organization, and each
of the monomeric subunits (Figure 15) binds 12 Chl
molecules and 2 carotenoids. The 12 Chls usually
occur in a ratio of 7 Chl-a and 5 Chl-b, but slight
variation has been observed.'® Since the structural
data did not allow differentiation of Chl-a and Chl-
b, the exact assignment of Chls in the LHCII struc-
ture is still matter of debate. Contrary to purple
bacteria, in which the carotenoid content is species-
dependent and more than 100 different carotenoids
have been detected in various species,® only five
different carotenoids are accumulated in light-
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Figure 15. (Bottom) Model structure of the LHCII an-
tenna protein based on the crystallographic data'®* and in
vitro reconstitution and mutational analysis.18° Two luteins
depicted in orange (L1) and purple (L2) were revealed in
the crystal structure, while neoxanthin shown in yellow
was identified by biochemical studies. Chlorophyll mol-
ecules are depicted in light green (Chl-a) and dark green
(Chl-b). The two chlorophyll molecules shown as half-light/
half-dark green designate mixed chlorophyll sites that can
accommodate both Chl-a and Chl-b. (Top) Absorption
spectrum of the LHCII complex with contributions of
different molecular species to the particular spectral region
denoted by horizontal bars. The color code for chlorophylls
is the same as in the model structure.

harvesting proteins of green plants: [-carotene,
lutein, violaxanthin, neoxanthin, and zeaxanthin.8’
The two carotenoids in the LHCII structure were
assigned to luteins, but later biochemical studies
showed that while the L1 carotenoid site is exclu-
sively occupied by lutein, the L2 site also binds
violaxanthin though with a lutein/violaxanthin af-
finity of 80/20.18 Further biochemical analysis re-
vealed two additional carotenoid-binding sites present
in LHCII: the N1 site, specific for neoxanthin,*®® and
a violaxanthin-selective site V1.1%© The V1 site is
easily removed during detergent treatment and
seems to be occupied preferentially in plants grown
at high light conditions.'*®® The violaxanthin molecule
occupying this site, however, is not able to transfer
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energy to Chl.*®? Although the sequence homology
between LHCII and the other proteins of the Lhc
family, particularly CP29, CP26, and CP24 com-
plexes, suggests that these proteins are not structur-
ally much different, each of the proteins has a unique
carotenoid composition. It seems that all proteins
except LHCII have only two carotenoid-binding sites.?®
While the L1 site is selective for lutein in all
complexes, the L2 site can accommodate lutein or
violaxanthin in all complexes. In CP26 and CP29 the
L2 site even shows affinity to neoxanthin.?®1%2 Under
certain conditions the L2 site can also be occupied
by zeaxanthin, and this was suggested to trigger a
structural change of the protein, leading to quenching
of Chl fluorescence,?®1% which is the origin of the
photoprotective mechanism called nonphotochemical
qguenching (NPQ). This mechanism protects against
damage caused by excessive photon flux by dissipat-
ing the energy thermally in PSI1.2°41% |t involves a
cascade of processes triggered by high light condi-
tions, resulting in enzymatic conversion of violaxan-
thin to zeaxanthin by means of the xanthophyll cycle.
Although a fundamental understanding of NPQ is
still lacking, it is clear that one of the crucial com-
ponents is a zeaxanthin-induced quenching of Chl-a
excited state, as presence of this carotenoid markedly
reduces the Chl-a fluorescence lifetime.931%-198 Sjnce
a direct quenching by the S; state of zeaxanthin was
suggested as one of the possible mechanisms,”® stud-
ies of carotenoid S; dynamics in LHCII and related
complexes became an important part of investiga-
tions of NPQ mechanisms.

Most of the studies of carotenoid—Chl energy
transfer were performed on the LHCIlI and CP29
proteins. While LHCII is the only one whose struc-
ture is known in fine detail, the CP29 is favorable
for studies of carotenoid—Chl energy transfer as it
contains only 2 Chl-b molecules. This minimizes the
overlap between the carotenoid S, state and the Chl-b
Soret band peaking at around 475 nm (Figure 15).
To overcome problems with the presence of a few
different carotenoids with overlapping absorption
spectra preventing selective excitation of only one
carotenoid species, recombinant proteins that allow
reconstitution with a single carotenoid species®® were
also used.’®7200 A number of studies established
that the overall carotenoid—Chl energy-transfer ef-
ficiency in the Lhcb family of proteins is in the range
70—90%5185197.199-204 gand that the majority of the
energy transfer occurs via the S, state (for scheme
of energy-transfer pathways see Figure 16). Never-
theless, as described below, the precise assignment
of pathways and donor—acceptor states involved in
the energy transfer in the Lhcb proteins still remains
to be revealed.

4.2.1. S, Pathway

The crucial requirement for the study of energy
transfer in an arbitrary donor—acceptor pair by
means of time-resolved spectroscopy is selective
excitation of the donor. While this task is trivial for
carotenoids in LH2-type complexes having only one
carotenoid species with a Sp—S, transition well
separated from the BChl Soret bands (Figure 12),
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Figure 16. Scheme of energy levels and energy-transfer
pathways between carotenoids and Chl molecules in the
LHCII complex. The double arrow depicts excitation into
the S, state of a carotenoid. Intramolecular relaxation pro-
cesses are denoted by wavy arrows, while the dashed arrow
represents the long-lived Chl-a fluorescence. Solid arrows
represent the energy-transfer channels confirmed by time-
resolved studies. The dotted lines represent possible energy-
transfer channels involving energy transfer between ther-
malized carotenoid S; state and Chl-a and back energy
transfer from Chl-a to the S; state of a carotenoid. The
known energy-transfer pathways are labeled by the cor-
responding time constant. See text for details.

achieving such conditions in LHCII-type proteins is
impossible due to the overlap of absorption spectra
of different carotenoid species and Soret bands of
Chl-a and Chl-b (Figure 15). Therefore, to estimate
the degree of excitation of different pigments at
different excitation wavelengths, sophisticated meth-
ods of fitting the Soret spectral region of LHCII-type
proteins were developed. Using recombinant proteins
carrying point mutations in pigment-binding residues
or reconstituted with a predefined stoichiometry of
carotenoid species enabled absorption spectra of
individual pigments to be obtained. This information
was then used to fit absorption spectra of wild-type
complexes according to the known stoichiometry of
pigments, which enabled spectral decomposition of
the Soret region of LHCI1,185188,189,198,205 Cp2Q 185205
and CP26.185197.206 A similar but somewhat simpler
approach relying on absorption spectra of individual
pigments in solution for fitting of the Soret region of
native LHCI11293204 gnd CP292%% was also employed.
Yet, another method using resonance Raman spectra
was applied. Since the frequency of the ground-state
C=C stretching mode varies with conjugation length,
measurements of resonance Raman spectra in the
spectral region 430—520 nm enabled resolution of
individual carotenoids.?” Despite the complexity of
the fitting, the results of all these studies are in very
good agreement, except for a few inconsistencies. It
is clear that neoxanthin has the highest energy of
the S, state with a 0—0 origin of the Sp—S; transition
in LHCII at 486—491 nm, somewhat varying between
experiments,185198.203205207 gimilar values have been
reported for the neoxanthin S, state in CP26 and
CP29,185.200.203 gggesting that binding to either the
N1 or L2 sites does not produce any significant shift
of the neoxanthin absorption spectrum. For lutein in
LHCII, Gradinaru et al.?® and Ruban et al.2"
reported 0—0 origin of the Sp—S; transition at 495
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nm. The same value was also obtained in other
studies, but two different absorption spectra were
assigned to luteins sitting in the L1 and L2 sites,
having the 0—0 origins at 489 and 495 nm, respec-
tively.1%8205 On the basis of shifts observed in the
S1—Sn spectra, it was suggested that the ‘red’ lutein
corresponds to the L1 site.*®® Similarly, two luteins
were resolved by Das et al.,'® but their 0—0 origins
were located at 494 and 499 nm. In CP29 and CP26,
however, the two luteins exhibited identical spectra,
having the 0—0 origin in the range of 494—-498
nm,185203205 jndicating that the effect of protein
environment in the L1 and L2 sites differs in these
complexes. The largest discrepancy between S, ener-
gies obtained by different research groups occurs for
violaxanthin. In LHCII, the 0—0 origins vary from
~492 Nm185198.205 to more than 500 nm.2%% However,
it is necessary to stress that the value obtained by
Gradinaru et al. refers to trimeric LHCII, for which
the red-most carotenoid was later assigned to lutein
having a red-shift induced by trimerization of LHCII
complex.?%” The presence of the 510 nm lutein in
trimeric LHCII was later also inferred from analysis
of electrochromic response of carotenoids after Chl
excitation.?°® For LHCII reconstituted with violax-
anthin in both the L1 and L2 sites, values of 492—
495 nm were found.®81% Again, some variations were
observed for CP26 and CP29, having 0—0 energies
of the violaxanthin S, state in the range 490—498
nm.185203206 The red-most absorbing species were
found when the LHCII-type complexes are reconsti-
tuted with zeaxanthin, which then have the 0—0
origin of the Sp—S; transition around 500 nm,188198.206
It is necessary to note, however, that the fitting of
the very red edge of the Soret region is problematic
and can suffer from some error, because of contribu-
tions from weakly absorbing states of Chl located
between the Qx and Soret transitions, not included
in fitting. These states cause the plateau between 520
and 560 nm in the absorption spectrum, and their
presence was also suggested in calculations.?09210

The first experimental evidence of fast energy
transfer via the S, state was demonstrated in two
transient absorption studies of LHCII.20221 The
appearance of a Chl bleaching following excitation
of carotenoids was assigned to an ultrafast energy
transfer from the S; state of the carotenoids, with a
time constant of 142292 or 220 fs.?* While the central
luteins were concluded to be the energy donors in
both studies, the assignment of acceptors was in
contradiction. On the basis of the assumption that
less than 15% of Chl-b is excited directly at 490 nm,
Connely et al.?°? assigned Chl-b as the only energy
acceptor in this energy-transfer pathway. On the
other hand, Peterman et al.?!! reported a much
higher degree of direct Chl-b excitation at 490 nm,
and rapid appearance of the bleaching at around 675
nm led to the conclusion that Chl-a is a dominant
energy acceptor, although some minor transfer to
Chl-b could not be excluded. It is worth noting that
because efficient S,-mediated energy transfer re-
quires a short distance between carotenoid and Chl,
the assignment of Chl-b as the only acceptors is in
contradiction with the initial assignment of Chl-a and
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Chl-b in the crystal structure.*® Observed efficient
guenching of Chl-a triplets by carotenoids requiring
very close contact of the molecules?°4212-214 js also in
disagreement with Chl-b being the only acceptor for
energy transfer from carotenoids.

Later, Gradinaru et al.?% refined the picture of the
S,-mediated energy-transfer pathway in LHCII by
analyzing the time evolution of the transient absorp-
tion spectrum. Using selective excitation of caro-
tenoids at 489 and 506 nm, a fast decay of the S, state
characterized by a time constant of 100 + 20 fs was
observed, suggesting a 60—65% energy-transfer ef-
ficiency of the S, channel. It was concluded that
carotenoids occupying the L1 and L2 sites (lutein or
violaxanthin) transfer energy to Chl-a, and Chl-b was
suggested as an energy acceptor for S,-mediated
energy transfer from neoxanthin in the N1 site, the
latter predominantly excited at 489 nm.?°% Yet an-
other network of S, energy-transfer pathways in
monomeric LHCII was proposed later using analysis
of transient absorption spectra by so-called lifetime
density maps.*®® This allowed separation of dynamics
of the three carotenoids, yielding S, transfer times
of 50 and 75 fs for the luteins in the L1 and L2 sites,
while a slightly slower S, transfer (90 fs) was found
for neoxanthin. In agreement with Gradinaru et
al.,?%% neoxanthin was found to transfer energy
exclusively to Chl-b.1®® The central luteins trans-
ferred energy from the S, state to both Chl-a and
Chl-b with approximately a 50/50 ratio. For energy
transfer to Chl-b, an interesting new channel was
proposed. Analysis of dynamics of Chl-b excited-state
absorption and bleaching led to the conclusion that
in addition to the ‘standard’ channel to the Qy state,
the By could also be the accepting state.®® Consider-
ing the small spectral overlap of carotenoid S, emis-
sion and By absorption, this channel would be most
active for neoxanthin, which has the highest S,
energy among the carotenoids in LHCII. The results
of Croce et al.»*® were further confirmed by fluores-
cence up-conversion. The average lifetime of the
carotenoid S; state measured by S, emission decay
in LHCII trimers was 57 fs for the wild-type complex
and 70 fs for the npg2 mutant lacking violaxanthin
and neoxanthin.®® Combining these results with
steady-state data, the overall carotenoid—Chl ef-
ficiency was determined to be 76% and 63% for the
wild-type trimers and npg2 mutant, respectively,
with the S, channel representing the dominating
energy-transfer pathway.68

Energy-transfer pathways in CP29 were found to
be similar to those in LHCII. The CP29 complex has
a less complex energy-transfer pattern, since it lacks
the N1 site and binds only two Chl-b and six Chl-a
molecules.®2 However, even without the N1 site, the
CP29 can bind three different carotenoids, as the L2
site accommodates either violaxanthin or neoxanthin
with a 50/50 ratio.’®? Again, contradictory results
were reported as far as the energy acceptors are
concerned. Similar to LHCII, a very fast S, decay of
70—130 fs suggests efficient S,-mediated energy
transfer.?90203 Ejther exclusively Chl-a was assigned
as energy acceptor?® or transfer to both Chl-a and
Chl-b was proposed.??° In the latter case, using a
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CP29 mutant with an empty L2 site enabled dif-
ferentiation of the channels originating from caro-
tenoids sitting in the L1 and L2 sites. While for
the L1 site the energy acceptor is the Chl-a absorbing
at 680 nm, the carotenoid occupying the L2 site
transfers energy to the Chl-a absorbing at 675 nm
and to Chl-b with an absorption maximum at 652
nm_ZOO

Despite the disagreement regarding the accepting
Chl molecules, these studies provided clear evidence
for very efficient S,-mediated energy transfer in
LHCII-type complexes. The problems with assign-
ments of the accepting Chl have two origins. First,
the fitting of the Soret region is a complex problem
that usually does not converge to a unique solution.
Therefore, estimates of direct excitation of Chl-b and
Chl-a may vary slightly in different works. This
problem is further enhanced by the necessity to use
very short pulses in order to resolve the sub-100 fs
dynamics of the S, state. Such short pulses have a
broad spectrum, making the assessment of direct
excitation even more complicated. Second, the evalu-
ation of carotenoid—Chl energy transfer is also
complicated by the fact that the Chl-b to Chl-a
energy-transfer and equilibration processes among
Chl-a molecules constitute a rich network of possible
channels, some of them occurring on a time scale
faster than 200 fs,>?15-218 thus interfering with caro-
tenoid—Chl energy transfer. Consequently, the exact
assignment of acceptors is a difficult task, and the
fact that the large mismatch between the first two
studies??2!1 has converged into a relatively minor
disagreement®9200203 demonstrates the progress in
understanding of the S,-mediated energy-transfer
pathway in the LHCII-type complexes. Although no
similar studies of CP26 and CP24 complexes have
been carried out to date, on the basis of measured
carotenoid-to-Chl energy-transfer efficiencies,'8>1%7 it
is feasible to assume that the overall picture will be
similar to that for LHCII and CP29.

4.2.2. S, Pathway

Knowing the energy of the lowest Q, transition of
Chl-a in LHCII-type complexes of ~14 600 cm~! and
Si1 energies of carotenoids estimated either from
measurements in solution or the energy-gap law
(Table 1), a simple comparison with LH2 complexes
of purple bacteria suggests that the S;-mediated
pathway should be inefficient in the LHCII-type
complexes. As demonstrated for LH2, the S; state
should be at least 800 cm™* above the acceptor state
to achieve a sufficient overlap between the hypotheti-
cal S; emission and absorption of the acceptor. While
such an arrangement often occurs in LH2, for LHCII-
type complexes it implies that the S; energy of the
carotenoid should be at least 15 400 cm™?, which is
higher than expected for carotenoids occurring in
these complexes. The S; energies in solution at room
temperature were measured only for violaxanthin
and zeaxanthin,®84 vyielding values below 15 000
cm™! (see section 3.2 and Table 1). No studies of S;
energies of lutein and neoxanthin in solution have
been reported so far, but estimates on the basis of
their S; lifetimes of 14 (lutein)'®? and 35 ps (neoxan-
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thin)?2 suggest that the S; energy of lutein is lower
than that of violaxanthin, while neoxanthin probably
has its S; energy above 15 000 cm™.

Using LHCII complexes reconstituted with only
one carotenoid species occupying the L1 and L2 sites,
measurements of the S;—S, spectra revealed that
when sitting in these binding pockets, violaxanthin,
lutein, and zeaxanthin have essentially the same S;
energies of ~13 900 + 300 cm~* (Table 1), preventing
any energy transfer to Chl-a from the relaxed S;
state.'% Surprisingly, this study also showed that
despite their different S; lifetimes in solution, all
three carotenoids have also nearly the same S;
lifetimes of ~11 ps when accommodated by the L1
and L2 sites, suggesting that the protein environ-
ment in L1 and L2 sites significantly affects the
excited-state properties of carotenoids and that this
effect varies for different carotenoid species. This
species-dependent effect of the protein environment
can also be traced in the energies of both the So—S;
transition and the S;—Sy band. In both cases, the red
shift, induced by interaction with the protein, is
strongest for violaxanthin, smaller for lutein, and
even smaller for zeaxanthin,® confirming the trend
observed for the S; lifetimes—11 ps measured in
protein environment is nearly the same as that in
solution for zeaxanthin but significantly shorter than
the violaxanthin S; lifetime in solution (24 ps). One
possible explanation of this effect could involve the
fact that the conjugation extended to the terminal
rings for zeaxanthin makes the molecule rather rigid,
preventing the protein to change the conformation
of the molecule. For violaxanthin, the conjugation is
restricted to the carbon backbone and the molecule
becomes more flexible, allowing modifications of its
excited-state properties through protein-induced con-
formational changes. In fact, the opposite effect was
proposed for zeaxanthin: the rigidity of the zeaxan-
thin molecule was hypothesized to cause a change of
protein conformation, which in turn induces favorable
conditions for effective quenching of Chl-a excited
states. Consequently, the L2 binding site, which
allows exchange of carotenoids, was proposed to be
an allosteric site facilitating the Chl-a quenching by
binding of zeaxanthin.?8193

Besides S;—S; spectra, two-photon excitation spec-
tra were employed to locate the S, state of carotenoids
in LHCII. Walla et al.?%* assigned a band with a 0—0
origin at 15 100 + 300 cm™! to the spectral profile of
the S; state. Since wild-type LHCII contains lutein,
violaxanthin, and neoxanthin, this value represented
a ‘mean’ S; energy of carotenoids transferring energy
to Chl (Table 1). By up-converting the Chl-a emission
at 685 nm, these authors managed to measure
directly the transfer rate of the S;-mediated energy
transfer by selectively exciting the S; state. An
unexpectedly high rate of (250 + 50 fs)™! was
observed, setting the efficiency of the S;-mediated
energy transfer close to 100%. The reason for this
unrealistically high S; energy and energy-transfer
efficiency was understood in a subsequent study
employing two-photon excitation. Comparing the two-
photon excitation spectra of LHCII with those of
lutein and fS-carotene in solution, it was concluded
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that the energy transfer must occur from the vibra-
tionally hot S; state.®® Since the S; excitation spec-
trum is measured by detecting Chl fluorescence, it
does not reflect the true S; spectrum but is rather
an action spectrum of S;-mediated energy transfer
that obviously is appreciable only for higher vibra-
tional levels of the S; state. Assuming that the 15 100
cm~? spectral origin corresponds to the v = 1 vibra-
tional level, the 0—0 origin would then be located at
~13 800 cm™1, matching perfectly the results ob-
tained from S;—S, spectra.’®® Similarly, the fast
energy-transfer rate of (250 fs)~* is also understand-
able, since the energy transfer must compete with
S; vibrational relaxation occurring on a time scale
of 300—800 fs.100.101.121-124 The resulting efficiency of
the energy-transfer route employing the hot S; state
was estimated at ~50%.°° Energy transfer from the
hot S; state was recently confirmed by transient
absorption measurements of the CP29 complex,?® but
the observed transfer rate of (700 fs)~! is longer than
the (250 fs)~! observed by Walla et al.,?! leading to
only a modest efficiency of ~10% (see Figure 16 for
summary). The presence of an energy-transfer chan-
nel involving the hot S; state was also suggested on
the basis of fluorescence up-conversion measurement
on LHCII trimers—a component observed in the rise
of the Chl-a emission having a time constant of ~350
fs was ascribed to this channel.®®

Energy transfer via the thermalized S; state was
also reported. A 1 ps component extracted from global
analysis of transient absorption spectra of CP29 and
LHCII was ascribed to the S;-mediated energy trans-
fer.2%3 The central luteins were suggested as energy
donors, but this conclusion seems unlikely consider-
ing the low energy of the S; state of lutein in LHCII
reported later.%>1% In light of the results on CP29
assigning a 700 fs process to energy transfer via hot
S; state, it is reasonable to assume that the ~1 ps
process observed by Gradinaru et al.?% has the same
origin. Nevertheless, longer time components on the
time scale of picoseconds were also observed in
transient absorption measurements, which cannot be
rationalized by a transfer via the hot S; state. For
LHCII, Croce et al.'® did not find any evidence for
substantial energy transfer via the thermalized S;
state, although the 3.9 ps lifetime assigned to the S;
state of one of the luteins might suggest the presence
of energy transfer. A similar, low-amplitude compo-
nent of 5 ps was also revealed in fluorescence up-
conversion measurements on LHCII trimers.%® In
CP29, even longer components in the range 8—20 ps
were found and assigned to energy transfer from the
thermalized S; state of violaxanthin and/or neoxan-
thin bound to the L2 state. Since these two caro-
tenoids might have higher S; energy, the S; route
cannot be excluded in this case. The ~13 900 cm™?
S; energy of violaxanthin determined for reconsti-
tuted LHCI1'% in fact contradicts this hypothesis, but
it is possible that violaxanthin in CP29 has higher
S; energy. On the other hand, neoxanthin seems to
have the most favorable conditions for energy trans-
fer via the thermalized S; state, because its S; state
is expected to be the highest of all carotenoids in
LHCII-type complexes.
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To complete the list of possible energy-transfer
pathways between singlet excited states of caro-
tenoids and Chl in LHCII-type complexes, it is nec-
essary to mention the possibility of back energy
transfer from Chl-a to the S, state of carotenoids.
This energy-transfer route was suggested by Frank
et al., who proposed the so-called ‘molecular gear shift
mechanism’ as a mechanism for NPQ.”® In the initial
proposal based on S; energies estimated from the
energy-gap law, violaxanthin was supposed to have
its S; energy above the Q, transition of Chl-a serving
as energy acceptor while zeaxanthin had an S, energy
sufficiently low to act as quencher of excited Chl-a.
Then, exchange of violaxanthin to zeaxanthin by
means of the xanthophyll cycle would enable an
increase of quencher concentration, explaining the
mechanism of NPQ. Later, direct measurements of
the S; energies in both solution®-8 and LHCII'%8
challenged this mechanism, since the S; energies of
both violaxanthin and zeaxanthin were shown to be
below the Chl-a Qy, state. Nevertheless, although the
initially proposed ‘molecular gear shift’ would not
work, the location of the zeaxanthin S; state below
the Chl-a Q, transition still allows direct quenching.
Directly detecting the possible Chl-a quenching by
the zeaxanthin S; state represents a nontrivial task,
because the fastest component of the Chl-a lifetime
observed in the quenched state has a time constant
of ~500 ps.193196.198 |f this component were due to
energy transfer from Chl-a to zeaxanthin, the S; state
of zeaxanthin would have essentially zero population
due to its 10 ps lifetime, making it almost impossible
to detect in a transient absorption experiment. On
the other hand, such conditions would make the
zeaxanthin S; state a very effective sink for Chl-a
excitations. Therefore, although experimental data
could not unambiguously assign the mechanism of
quenching, a direct quenching by means of singlet
energy transfer was considered as a possibility.?8198
However, contrary to the previous suggestions,’ the
key role of zeaxanthin was not due to the intrinsic
photophysical properties of zeaxanthin but rather due
to its ability to promote a conformational change
allowing such a transfer,28193.219

Direct involvement of the zeaxanthin S; state in
NPQ was also shown in a transient absorption study
of intact thylakoid membranes of Arabidopsis thali-
ana.?®® After excitation of either Chl-b or Chl-a by
~100 fs pulses at 664 and 683 nm, respectively, an
excited-state absorption in the spectral region
530—-570 nm was observed directly after excitation.
On the basis of the spectral profile reconstructed from
a few Kkinetic traces measured across this region,
having decays characterized by a time constant of
~10 ps, it was concluded that this signal corre-
sponded to the S;—Sy spectrum of zeaxanthin. Im-
portantly, using transgenic A. thaliana plants, the
intensity of the S;—Sy signal was correlated to the
presence of the PsbS protein that is known to be an
essential part of NPQ,??! thus confirming the relation
between population of the zeaxanthin S; state and
NPQ. Although the quenching mechanism could not
be disclosed from the experimental data, either
energy transfer from Chl to the zeaxanthin S; state
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or formation of a zeaxanthin—Chl heterodimer was
suggested.?? It is worth noting that this phenomenon
can represent a different quenching mechanism than
decrease of the Chl-a lifetime observed earlier. While
the S;—Sy signal was observed only for intact thy-
lakoid membranes, the shortening of the Chl-a
lifetime was evidently detected even in isolated
monomeric LHCII-type complexes.193197.198 Similar
zeaxanthin-induced quenching was also observed in
artificial zeaxanthin—pheophorbide dyads where py-
ropheophorbide emission lifetime was markedly short-
ened when covalently linked to zeaxanthin??2223 or
in a mixture of carotenoids and Chl-a embedded in
DMPC liposomes.??* Moreover, the S;—Sy spectrum
of zeaxanthin observed for A. thaliana®? is appar-
ently blue-shifted from that recorded for LHCII
reconstituted with zeaxanthin.*®® Therefore (since the
detection of S;—Sy spectrum of zeaxanthin after Chl
excitation is connected with presence of PsbS pro-
tein), zeaxanthin detected in these experiments
might be located outside the LHCII-type complexes,
somehow interacting with the PsbS protein. One
possibility could be the PshS—zeaxanthin complex
(see section 4.4) discovered recently.??> Another hy-
pothesis was suggested on the basis of quantum
chemical calculations employing a hybrid approach
consisting of time-dependent density functional
theory and configuration interaction, a method ca-
pable of describing charge-transfer states.??® This
approach demonstrated the existence of a charge-
transfer (CT) state in a zeaxanthin—Chl hetero-
dimer.?26227 For a cofacial arrangement of zeaxanthin
and Chl-a with a center to center distance less than
5.5 A, the energy of the CT state was low enough to
allow quenching of the Chl-a excited state through
electron transfer.??6227 ikewise, close proximity and
proper orientation of zeaxanthin and Chl-a may lead
to an excitonic interaction, as proposed by van
Amerongen et al.> In such a case, even if the S; ener-
gies of individual molecules are not favorable for
Chl—zeaxanthin energy transfer, the excitonic inter-
action would cause a shortening of the Chl-a excited-
state lifetime, again leading to a quenching of Chl-a
fluorescence.®

It must be noted that besides the Chl—zeaxanthin
energy transfer and formation of Chl—zeaxanthin
heterodimer, other NPQ mechanisms that do not
involve the S; state of zeaxanthin were also proposed.
A quenching of Chl singlet state by electron transfer
from carotenoids to Chl was suggested on the basis
of observations on artificial carotenoporphyrin
dyads.??8-230 Another hypothesis proposed that the
essential function of zeaxanthin is to promote changes
in structure and/or organization of the light-harvest-
ing complexes that eventually lead to quenching
conditions. One such mechanism involves a struc-
tural change facilitating a formation of Chl-a exci-
tonic pairs, which then play a role of quenchers.19231
A long-range change involving aggregation and/or
disaggregation of antenna complexes was also pro-
posed.213:232-234 |n these processes, zeaxanthin is not
directly involved in quenching but acts as a trigger
of the particular process. Very recently, ‘activation’
of zeaxanthin, achieved by binding zeaxanthin to the
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PsbS protein (see section 4.4), was proposed to be an
important mechanism to trigger energy dissipation
in plants.??®® Which of these mechanisms play the
most important role in NPQ is not known yet. The
experimental data collected recently did not lead to
general consensus. Nevertheless, given the complex-
ity of the NPQ process, it is quite possible that all of
these mechanisms have a certain place and all
together lead to the effective protection against excess
light in higher plants.

4.3. Peridinin—Chlorophyll-Protein

The third type of light-harvesting complexes whose
structure was resolved to atomic resolution is a
water-soluble antenna complex from the dinoflagel-
late Amphidinium carterae. The uniqueness of the
peridinin—chlorophyll-a protein complex (PCP) is in
its pigment composition. As described above, in most
photosynthetic antenna complexes the principal light-
harvesting pigments are either Chl or BChl mol-
ecules. In contrast, the PCP utilizes the carotenoid
peridinin as the main light-harvesting pigment. The
2.0 A structure of PCP23 revealed a trimer of protein
subunits with densely packed pigments having a
stoichiometry of eight peridinins and two Chl-a
molecules per protein subunit. As shown in Figure
17, the pigments in each subunit are arranged as two
nearly identical domains of four peridinins and one
Chl-a molecule.?®® The closest distances between
pigments belonging to the two different domains are
larger than those between pigments within one
domain. Distances between peridinins within a single
domain are 4—11 A, and the conjugated regions of
the peridinins are in van der Waals contact with
tetrapyrrole rings of the Chl-a molecules (3.3—3.8 A).
The distance between Mg atoms of the two Chl-a
belonging to different domains is 17.4 A. Such a
tightly packed cluster of pigments creates an ideal
medium for efficient energy transfer. Besides the
unique pigment composition, the principal light-
harvesting pigment, peridinin, belongs to the
family of carotenoids having a conjugated carbonyl
group that alters their excited-state properties, as the
lowest S;/ICT excited state gains a significant charge-
transfer character (section 3.2). All these features
make PCP quite different from other known light-
harvesting complexes from bacteria and plants and
have made this complex an attractive object for
studies aiming at obtaining a better understanding
of Nature’s light-harvesting strategies.

4.3.1. Steady-State Spectroscopy

The absorption spectrum of PCP is dominated by
the peridinin S; state that is responsible for the broad
absorption band between 400 and 550 nm (Figure
17), which overlaps with the Soret band of Chl-a
peaking at 435 nm. In addition, the Q, band of Chl-a
contributes to the red part of the absorption spec-
trum, peaking at 670 nm. The weak band located
between 600 and 650 nm originates from the 0—1
vibrational transition of the Q, band and/or the Qy
transition of Chl-a.45106:236-240 The |ack of vibrational
structure of the peridinin S, state, similar to that
observed for peridinin in polar solvents,?!:222444 syg-
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Figure 17. (Bottom) Organization of peridinin and Chl-a
molecules within a monomeric unit of the PCP complex
consisting of two identical domains with four peridinins
and one Chl-a molecule. The central manganese atoms of
the Chl-a molecules are shown as green balls, and blue
parts in the molecular structure represent nitrogen atoms
in the Chl-a structure. Oxygens occurring in the structure
of the peridinin molecule are marked by red. (Top) Absorp-
tion spectrum of the PCP complex. The horizontal bars
denote the contributions of peridinin (orange) and Chl-a
(green) to the absorption spectrum.

gests that the PCP protein provides a polar environ-
ment. Although the main peridinin band peaking at
490 nm is rather structureless at room temperature,
a shoulder can be recognized at around 530 nm. This
shoulder transforms to a distinct band located at 525
nm in the absorption spectrum measured at 77,2723
10, and 4 K.?” These two bands were assigned to
the 0—0 (526 nm) and 0—1 (490 nm) vibrational
bands of peridinin?3®® on the basis of a comparison
with the peridinin absorption spectrum measured at
77 K in methanol.?** However, analyzing the second
derivative of the PCP absorption spectrum together
with CD, LD, and triplet-minus-singlet spectra at 4
K, Kleima et al. obtained evidence for spectrally
different peridinins having their 0—0 origins at 520,
537, and 555 nm.?*” Except for one missing spectral
band, this result is in a good agreement with simu-
lated CD and absorption spectra that, under the
assumption of negligible excitonic coupling between
the peridinins, gave the 0—0 origins of peridinins
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located at 485, 518, 534, and 543 nm at 20 K.>*®
Similar results were obtained by fitting the 10 K
absorption spectrum of PCP using absorption spectra
of individual pigments taken at 10 K in 2-MTHF.*
The best fit was achieved for the peridinin S, transi-
tions located at 545, 528, and 523 nm. For these three
peridinins, the absorption spectra were identified as
identical in both structural domains of PCP mono-
mer. The fourth peridinin exhibited differences in the
two domains, peaking at 485 and 465 nm, respec-
tively.*® These two distinct blue-shifted spectra were
assigned to peridinins 612 and 622, according to the
notation used in Damjanovic et al.?+?

The two-photon excitation spectrum of PCP exhib-
ited a large similarity with the one-photon absorp-
tion. Both one-photon and two-photon excitation
spectra have a similar shape, except the two-photon
spectrum is red-shifted as compared to its one-photon
counterpart, suggesting that the S, state of peridinin
is also two-photon allowed.*34> This was explained
by the presence of polar groups in the peridinin
structure, because for a polar molecule the two-
photon transition can occur via a change of static
dipole moment between the ground and excited
states.?*® Thus, the large change of dipole moment
of the S, state upon excitation together with mixing
with the close-lying S,/ICT state and deviation of
peridinin from ideal C,, symmetry account for the
two-photon allowed S, state.***> By measurements
of the polarization ratio of absorptivities dci/Oiin,
which is equal to 1 for a one-photon transition but
takes values between 0 and 1.5 for two-photon
absorption,*>?* Zimmermann et al. concluded that
the two-photon excitation spectrum of PCP consisted
of two distinct states. The Si/ICT state was estimated
to be located at about 550—560 nm (17 850—18 120
cm~1).43 On the contrary, polarization ratio data
measured later led to the conclusion that all the
features in the two-photon excitation spectrum of
PCP are due to the S, state.*® This failure to
detect the Si/ICT state in the two-photon excita-
tion spectrum measured up to 17 000 cm™! agrees
with the Si/ICT energy obtained from S;/ICT-S;
spectra of PCP shown in Figure 18. The latter
suggested a value of about 16 400 cm1,24° thus
markedly lower than the value obtained by Zimmer-
mann.*® A S,/ICT energy in the range 16 000—16 500
cm~! seems to be more realistic also because the
0—0 spectral origin of the S;/ICT in solution deter-
mined from emission spectra is in the range
16 200—16 600 cm 124234573 The higher Si/ICT en-
ergy around 18 000 cm™! suggested by Zimmermann
et al.*® would require a blue shift of the Si/ICT state,
despite the fact that the S, state is red-shifted in
PCP. Such an ambivalent shift of the two lowest
energy levels of peridinin seems to be unlikely, even
though MNDO-—PSCDI calculations on peridinin
with geometry minimized according to the con-
straints given by the protein environment suggested
a reverse ordering of the S;/ICT and S, states for
peridinins 612 and 622.4> This result showed that
the influence of protein environment could be
more dramatic than for other light-harvesting pro-
teins. Indeed, it was shown that hydrogen bonding
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Figure 18. (Top) Transient absorption spectra of the PCP
complex at 0.5 (full squares) and 30 ps (open circles) after
excitation at 535 nm. The inset shows an enlargement of
the 800—1800 nm spectral region. (Bottom) Kinetic traces
of PCP measured after excitation at 535 nm. Probing
wavelengths are indicated for each kinetic. Solid lines
represent best fits obtained from a multiexponential global
fitting procedure.

via the carbonyl group can alter the excited-state
properties of peridinin significantly,** and a recent
theoretical study of peridinin—protein interactions in
PCP suggested a possibility that hydrogen bonding
may play an important role in binding of peridinin
in PCP.146

4.3.2. Energy-Transfer Pathways

Nearly 100% efficiency of peridinin—Chl energy
transfer in the PCP complex was demonstrated long
before the unique organization of pigments within the
PCP complex was known.?% Availability of a detailed
structure of the PCP complex became a landmark for
systematic time-resolved studies of energy-transfer
pathways within PCP. The initial studies utilized the
standard scheme of S; and S, states without consid-
ering the ICT character of the lowest excited state.
The first transient absorption study of PCP revealed
a 3 ps lifetime of the S, state of peridinin, suggesting
efficient energy transfer via the S; state. Given the
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overall peridinin—Chl efficiency of ~88%, it was
concluded that the energy transfer via the S; state
represents the primary route.'°® However, it must be
emphasized that calculation of S; energy-transfer
efficiency for peridinin in the PCP complex is not
straightforward, because the S; lifetime is solvent
dependent (see section 3.2) and the intrinsic S;
lifetime (in the absence of energy transfer) of peri-
dinin in PCP is not known. The aforementioned
conclusion was based on the assumption of an
intrinsic peridinin lifetime of 13 ps in PCP, close to
that for peridinin in methanol.

The S; route being a primary channel of energy
transfer in PCP was also proposed from theoretical
investigations. Calculated full Coulomb couplings
between peridinins and Chl-a together with the
corresponding spectral overlaps only gave reasonable
transfer times for S;-mediated energy transfer.?4?
While the S, route was found insignificant, strong
couplings in the range 133—523 cm™! between the
S, states of peridinins suggested the possibility of S,
excitons.?*? Calculations of S, exciton densities pin-
pointed peridinin 612 as having the lowest S, exciton
density and thus the highest energy in PCP. This was
suggested to direct excitations to the excitonically
coupled S, states of the other three peridinins in the
structural domain, which would then relax to the
donating S; state.?*> The uniqueness of peridinin 612
was further suggested on the basis of MNDO—PSCDI
calculations that not only confirmed that peridinin
612 has the highest energy, but it was also suggested
to have reversed S; and S; states.*> This would
eliminate the fast S,—S; internal conversion enabling
efficient transfer between peridinin S, states as
proposed by Damjanovit et al.?*?> Contrary to these
results, a transient absorption study suggested that
the S, energy-transfer pathway is active in the PCP
complex.2®® This conclusion was reached using vari-
ous models to fit the transient absorption data. It was
shown that a model without S,-mediated energy
transfer could not explain all the features observed
in the transient absorption spectra recorded in the
visible spectral region, and to achieve the 88%
energy-transfer efficiency, a contribution of the S,
route as high as 25—50% was needed. S,-mediated
energy transfer was on the sub-100 fs time scale,
while a transfer rate of (2.3 ps)~! was calculated for
S; energy transfer, yielding an intrinsic peridinin S;
lifetime around 15 ps.?%8 It is important to mention
that the effect of excitation wavelength was also
investigated, and no changes of the dynamics or
spectral profiles were found when peridinin in PCP
complex was excited at 500 and 520 nm. The fact that
the species-associated decay spectrum of the S, state
was very similar for both excitation wavelengths
contradicts the hypothesis of peridinin 612 having
higher S, state energy, serving as energy donor for
the S,—S, energy transfer among the peridinins in
PCP complex.*5242 The possibility of the ICT state of
peridinin as an energy donor in the S;-mediated
energy transfer was also discussed, and it was
concluded that an equilibrium between the S; and
ICT states prevented differentiation of the contribu-
tions of these two states.?®
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The role of the ICT state in energy transfer within
PCP was further addressed in a subsequent work.
Inspired by previous findings that the ICT state can
be monitored in the near-infrared region through its
stimulated emission band centered at 950 nm,?344
spectroscopic investigations on PCP were focused to
this region. Transient absorption spectra recorded in
the broad spectral region of 630—1850 hm shown in
Figure 18 demonstrated that the stimulated emission
band characteristic of the ICT state is also present
for peridinin in PCP.24° Moreover, decay of the ICT
stimulated emission matched perfectly the rise of the
Chl-asignal, signaling direct involvement of the ICT
state in peridinin—Chl energy transfer within PCP
(Figure 18). Analyzing kinetics spanning the whole
studied spectral region, it was concluded that the S;
and ICT states must be strongly coupled, forming an
S1/ICT state, which plays the role of energy donor in
peridinin—Chl energy transfer. The feasibility of the
Si/ICT state being one state with charge-transfer
character was further confirmed by both time-
resolved absorption* and two-photon spectroscopy*®
of peridinin in solution. Using the overall efficiency
of peridinin—Chl energy transfer of 88%,'°¢ a model
of energy-transfer pathways, depicted in Figure 19
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Figure 19. Scheme of energy levels and energy-transfer
pathways between peridinin and Chl-a in the PCP complex.
Intramolecular relaxation processes are denoted by wavy
arrows, while the dashed arrow represents the long-lived
Chl-a fluorescence. Solid arrows represent the main energy-
transfer channels. The dotted arrows represent possible
minor energy-transfer channels involving higher vibra-
tional levels of the S;/ICT state and the S,—S; energy
transfer involving peridinin 612. Excitation at 535 nm is
shown as a double arrow. All processes are labeled by the
corresponding time constant. See text for details.

was built. The magnitude of the Chl-a bleaching
signal at 0.5 ps after excitation led to the conclusion
that there must be some S;-mediated energy transfer
present, in accord with earlier suggestion of Kruger
et al.?® By modeling of the kinetics of formation of
the Chl-a excited state at 670 nm, it was concluded
that the S, pathway contributes about 25%. This
rather low efficiency of the S, channel (compared with
LH2 and LHCII complexes) is likely caused by the
very short S, lifetime of peridinin, which was deter-
mined to be ~60 fs in methanol.** Given the similar-
ity of absorption spectra of peridinin in PCP and
polar solvents,4345106.240 jt is reasonable to assume
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that the intrinsic S, lifetime of peridinin in PCP is
similar. Then, the energy-transfer rate via the S;
state is ~(200 fs)~, which is comparable to the values
observed for other light-harvesting complexes.

The rest of the energy transfer proceeds via the
Si/ICT state, and taking into account the total ener-
gy-transfer efficiency of 88%% and 25% efficiency of
the S, channel, the energy-transfer time and intrinsic
SJ/ICT lifetime were calculated from the 2.5 ps decay
of the Si/ICT state, yielding 3 and 16 ps, respec-
tively.?*0 In addition to the S, and Si/ICT channels,
a minor 700 fs component was necessary to achieve
satisfactory fits of both S,/ICT decay and Chl-a rise
and was ascribed to a pathway involving higher
vibrational levels of the Si/ICT state (Figure 19).
These values for the S;/ICT energy-transfer rate and
intrinsic lifetime are in very good agreement with
previous results, confirming that the intrinsic Si/ICT
lifetime of peridinin is in the range of 13—16 ps,106:238
clearly indicating that peridinin molecules are ac-
commodated in polar surrounding in PCP. However,
it should be noted that estimation of environment
polarity in PCP is complicated because the Si/ICT
lifetime is also altered by hydrogen bonding via the
carbonyl group.** Since it is known from the structure
of the PCP complex that amino acid residues and
water molecules in PCP offer a possibility for a rich
hydrogen-bonding network,#6235 it is possible that
the intrinsic Si/ICT lifetime of peridinin in PCP is
not determined only by polarity of the surrounding
but also by hydrogen bonding. Nevertheless, no
matter how large the contributions from polarity and
hydrogen bonding, it is apparent that the protein
environment in PCP provides conditions under which
the lowest excited state of peridinin gains a substan-
tial charge-transfer character. Comparison of mag-
nitudes of Si/ICT stimulated emission at 950 nm and
Chl-a bleaching at 670 nm showed that the gain of
charge-transfer character of the Sy/ICT state in-
creased the transition dipole moment of the S/ICT
state, making this state more efficient in energy
transfer. This is because the rate of Forster-type
energy transfer is proportional to the square of the
coupling between donor and acceptor, which in its
turn is proportional to the transition dipole mo-
ment.1”® The PCP complex therefore represents an
example of a system where energy-transfer pathways
and their efficiencies are finely tuned not only by the
protein structure ensuring a proper orientation of the
donor and acceptor molecules, but also by the polarity
and/or hydrogen-bonding capability of the environ-
ment adjusting the degree of charge-transfer char-
acter of the lowest excited state. Too low charge-
transfer character of the S;/ICT state would lead to
a long intrinsic Si/ICT peridinin lifetime, resulting
in a better competition of energy transfer with the
S1/ICT—S, relaxation but at a price of a negligible
contribution of the charge-transfer character to en-
ergy transfer. On the other hand, too high polarity
could enhance the contribution of the Si/ICT state,
providing a stronger dipole moment of the donor
state, but the resulting short intrinsic Sy/ICT lifetime
would make the energy transfer less competitive with
the S,/ICT—S, relaxation. Thus, to achieve an ef-
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ficient Si/ICT energy transfer, the parameters char-
acterizing the environment of the peridinin molecules
in PCP must be perfectly balanced.?4°

It is apparent that the presence of the conjugated
carbonyl group offers utilization of a special light-
harvesting strategy involving a charge-transfer state
as a donor. Although no studies of energy-transfer
pathways in light-harvesting complexes containing
carbonyl carotenoids other than PCP have been
reported so far, a few earlier works provided valuable
information about the efficiency of energy transfer
in such light-harvesting complexes. Time-resolved
fluorescence spectroscopy of the alga Bryopsis maxima
suggested efficient energy transfer between sipho-
naxanthin and Chl-a.?*¢ The same conclusion was
obtained from fluorescence excitation spectra for
deep-water algae.?*” About 90% efficiency of energy
transfer between fucoxanthin and Chl-a was reported
for fucoxanthin—chlorophyll protein (FCP) from Phae-
odactylum tricornutum,?#8 and efficient energy trans-
fer utilizing fucoxanthin as energy donor was also
suggested by other studies.?*°2%0 Although these
studies did not provide conclusions regarding the
mechanism of energy transfer, the fact that both
fucoxanthin and siphonaxanthin exhibit similar ex-
cited-state properties as peridinin?>46 suggests that
these organisms utilize a similar mechanism as PCP.
Therefore, the light-harvesting strategy employing a
charge-transfer state is likely to play a significant
role in the total photosynthetic production on Earth,
because carbonyl carotenoids, such as peridinin,
fucoxanthin, siphonaxanthin, or prasinoxanthin, oc-
cur in various taxonomic groups of oceanic photosyn-
thetic organisms, which contribute a substantial part
of Earth’s photosynthetic CO; fixation.%* This light-
harvesting strategy may be an inevitable correlate
of using oxygenated carotenoids and the local protein
environment to extend absorption to longer wave-
lengths in the green region of the visible spectrum.
This may be essential for oceanic photosynthetic
organisms, since the water column represents a filter
for the red part of the visible light and the blue part
of the spectrum is most efficiently scattered. Conse-
guently, the photons having energy corresponding to
the green light penetrate deepest in water, and it is
thus vitally important for underwater photosynthetic
organisms to utilize green light with highest possible
efficiency. This is smartly achieved by employing car-
bonyl carotenoids, because their narrow S,—S,/ICT
energy gap offers a possibility to capture efficiently
green light that is not accessible by Chls while
keeping the energy of the S,/ICT state high enough
to enable efficient energy transfer to the Qy state of
Chl. The less efficient S, channel caused by the
short intrinsic S, lifetime resulting from the narrow
S,—S4/ICT energy gap is compensated by high ef-
ficiency of the S;/ICT state energy-transfer channel
that is maintained by charge-transfer character of
the Si/ICT state.

4.4. Other Biological Systems Containing
Carotenoids

Although carotenoids are vastly distributed in
various tissues in both plant and animal kingdoms,
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their spectroscopic properties are, besides the cases
described in the previous sections, known only for a
few additional carotenoid-binding proteins. The lack
of information for the others is usually caused by an
absence of structural information about these sys-
tems. Therefore, the exact localization of carotenoids
in a particular tissue is unclear, making investiga-
tions of carotenoid spectroscopic properties and their
relation to carotenoid functions rather complicated.
Also, for carotenoid-containing systems outside pho-
tosynthesis, molecular actions of carotenoids are
probably not triggered by light, and thus excited
states of carotenoids are therefore not directly in-
volved in the carotenoid function. Nevertheless, even
for these systems exploration of carotenoid excited
states holds promise to uncover the nature of their
interactions with the surroundings which could be
of vital importance for the various roles played by
carotenoids in these systems.

4.4.1. Carotenoids in Other Light-Harvesting Complexes

Besides the light-harvesting complexes described
in the previous sections, structural knowledge is also
available for the core complex of Photosystem I (PSI-
core). The 4 A structure of the PSl-core from the
cyanobacterium Synechococcus elongatus?5:252 was
recently refined to 2.5 A resolution.?%® This high-
resolution structure revealed an aggregate of 96 Chl
molecules including the reaction center special pair
P700 and 22 3-carotene molecules, 17 of them in the
all-trans configuration while the remaining five
exhibited a cis-configuration containing either one or
two cis-bonds. The carotenoids are grouped into six
separate clusters, and all of them are in van der
Waals contact with Chl-a molecules, thus providing
a good basis for efficient carotenoid—Chl energy
transfer.?53 Most of the experimental efforts aiming
to reveal energy-transfer dynamics within the PSI-
core were directed to the energy transfer and trap-
ping among Chl-a molecules (reviewed by Gobets et
al.?%4); the high-resolution structure also promoted
theoretical modeling of these processes.?>>=257 On the
contrary, much less is known about energy transfer
between carotenoids and Chl-a. The efficiency of
fp-carotene to Chl-a energy transfer is in the range
observed also for other light-harvesting complexes,
yielding a value of 85—90%.258.259 A fluorescence up-
conversion study of the PSl-core rationalized this
high efficiency in terms of possible energy-transfer
pathways.?®° Fast depopulation of the S, state char-
acterized by a time constant of 105 fs proved that
S,-mediated energy transfer operates with substan-
tial efficiency. By comparing the rise of Chl-a excited
state after excitation of either the Soret band of Chl-a
at 400 nm or f-carotene at 510 nm, an additional 1.2
ps component was revealed when j-carotene was
excited selectively. This component was assigned to
the energy transfer via the S; state of s-carotene, and
from comparison with the 9 ps S; lifetime of j-caro-
tene in solution,%0101 the S; channel must be very
efficient.?>® A subsequent transient absorption study
employing 60 fs excitation pulses refined the j-car-
otene S, lifetime to ~60 fs, making the S,-mediated
channel the dominant carotenoid—Chl transfer path-
way in the PSl-core, accounting for about 60% of the
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total 70% efficiency.?%° In agreement with the previ-
ous fluorescence up-conversion study,?*® a 3 ps com-
ponent was attributed to the energy transfer via the
S, state of fp-carotene and was suggested to be
responsible for the residual 10% of the total caro-
tenoid—Chl energy-transfer efficiency. The active S;
channel might seem surprising at first glance, as the
S1 energy of s-carotene in solution is around 14 200
cm™! (Table 1), but the presence of ‘red’ chlorophylls
in PSI absorbing above 700 nm?* still allows a
substantial spectral overlap with the hypothetical S;
emission of S-carotene. It is thus quite likely that the
‘red’ chlorophylls provide acceptor states for the S;-
mediated energy transfer.?° It is also important to
realize that the observed time constants for the S;
and S; channels represent an average rate of all 22
pB-carotenes in the PSIl-core, and the efficiencies and
pathways of the particular 3-carotene molecules will
probably differ substantially, especially because only
a fraction of them can occur in the proximity of the
‘red’ chlorophylls, if these are assumed to be the most
likely energy acceptors.

In higher plants, PSI also contains an antenna
system called LHCI that is attached to the PSl-core,
forming a bigger complex usually denoted PSI-
200.254261 The LHCI complex exhibits a high sequence
homology with LHCII, suggesting that they may be
structurally closely related.?6* LHCI binds both Chl-a
and Chl-b and the carotenoids lutein and violaxan-
thin, but in contrast to the LHCII, a small amount
of p-carotene is present while neoxanthin was not
detected.?61~263 Energy transfer between carotenoids
and Chl in isolated LHCI complexes was studied
using fluorescence up-conversion and a streak cam-
era, detecting Chl-a fluorescence after excitation in
the spectral region corresponding to absorption bands
of carotenoids.?®* Contrary to the PSl-core,?®® no
evidence for an S; channel was found; only S,-medi-
ated energy transfer functioned in LHCI, as evi-
denced by carotenoid S, emission decaying faster
(~140 fs) than in solution. Despite the absence of a
slower component attributable to the S; channel of
energy transfer, it was hypothesized that the S;
pathway might still be operating, because the ob-
served S; lifetime could not account for the observed
high (80%) overall efficiency.?®* Since LHCI also
accommodates the ‘red’ chlorophylls capable of ac-
cepting energy from the S; state of carotenoids, the
existence of the S;-mediated energy transfer in LHCI
complexes could be anticipated. To prove or rule out
this hypothesis, transient absorption studies of both
wild-type LHCI complexes and their reconstituted
counterparts that are now available?61262 will be
needed, because time-resolved emission cannot follow
the carotenoid S; dynamics directly.

Carotenoids are also present in the PSII core
antenna complexes CP43 and CP47. The carotenoid
composition differs slightly in these two complexes,
but for both, the dominant carotenoid is -carotene
and a small amount of lutein can be also bound to
these complexes.'8? Fluorescence excitation spectra
of CP47 suggested a rather low efficiency of caro-
tenoid—Chl energy transfer of ~35%.2%° This low
efficiency would suggest that the S; channel is likely
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inactive in these complexes, since the Q, states of
Chl-a in these complexes are higher than in PSl-core
and LHCI, preventing the S;-mediated carotenoid—
Chl energy transfer. This proposal, which was re-
cently confirmed by time-resolved experiments, dem-
onstrates that the S, channel operates efficiently and
pushes the S; lifetime to ~80 fs in CP43 and CP47.
On the other hand, no components attributable to
energy transfer via the f-carotene S; state were
found, although the possibility of a minor transfer
channel via hot vibrational states of the S, state could
not be ruled out.?5¢

Carotenoids are also known to serve as energy
donors in chlorosomes that are specialized antenna
complexes formed exclusively by green phototrophic
bacteria. They contain a large number of BChl-c, -d,
or -e molecules organized in a self-aggregated rodlike
structure nearly lacking protein.?®” In addition, they
also contain various carotenoids whose structure and
stoichiometric ratio depend on species and growing
conditions.?8.269 However, exact location and function
of the carotenoids in chlorosomes is still unclear.
Until recently, the light-harvesting capabilities of
carotenoids in chlorosomes were studied only by
means of fluorescence excitation spectra. An ef-
ficiency of nearly 60% was estimated for energy
transfer between carotenoids (mostly s-carotene and
y-carotene) and BChl-c in Chloroflexus aurantiacus
at 4 K.270 A slightly higher efficiency in the range
50—80% was found for chlorosomes from the same
organism at room temperature and also in chlo-
rosomes from Chlorobium tepidum containing the
carotenoid chlorobactene.?’* On the other hand, for
Chlorobium phaeovibrioides whose chlorosomes ac-
commodate the carotenoid isorenieratene, the esti-
mated carotenoid—BChl energy-transfer efficiency
was nearly 100%.27> A more detailed study involving
time-resolved techniques is thus far available only
for chlorosomes from Chlorobium phaeobacterio-
ides.?” Utilizing fluorescence excitation spectra, single-
photon counting, and femtosecond transient absorp-
tion measurements in combination with comparison
of wild-type and carotenoidless chlorosomes allowed
construction of a better picture of energy transfer
between carotenoids (mainly isorenieratene and
pB-isorenieratene) and BChl. The overall energy-
transfer efficiency was in the range 60—70%, thus
comparable with previous studies on other species.
The S; lifetime of isorenieratene in chlorosomes was
as short as 50 fs, while the time constant correspond-
ing to the S; decay was ~10 ps. Because both
isorenieratene and -isorenieratene have conjugated
systems similar to pg-carotene (they differ in the
structure of terminal rings), one should also expect
similar excited-state lifetimes. Consequently, the
observed lifetimes of S, and S; states suggested that
the S, channel represents by far the dominating
energy-transfer pathway, while the S; energy trans-
fer is probably completely absent.?”3

Very little is known about energy-transfer capabili-
ties of carotenoids in other light-harvesting systems.
Fluorescence excitation spectra of FMO-reaction
center core complex from Chlorobium tepidum re-
vealed carotenoid to BChl-a energy-transfer efficiency
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of 23% at 6 K.?”* Carotenoids are also present in
antenna reaction center (ARC) complexes of helio-
bacteria.?’”® This youngest family of photosynthetic
bacteria discovered in 1983 by Gest and Favinger?7®
contains previously unknown BChl species called
Bchl-g and the carotenoid 4,4'-diaponeurosporene.
Although nothing is known about location, functions,
and energy-transfer ability of this carotenoid to date,
its presence underlines the unique pigment composi-
tion of ARC from heliobacteria, because 4,4'-diapo-
neurosporene contains only 30 carbon atoms instead
of the 40 that normally build the skeleton of a
carotenoid molecule.?””

4.4.2. Other Carotenoid-Binding Proteins of Plants and
Cyanobacteria

Besides light-harvesting proteins and reaction
centers, carotenoids have also been found in other
proteins from higher plants and algae. Two of them
deserve attention since they are proposed to play
important roles in photoprotection and, consequently,
the dynamics of their excited states may be directly
related to their functions. The first of these proteins
is a small protein called PsbS, which is a member of
LHC protein family that was shown to be essential
for regulation of photosynthetic light harvesting. This
protein was found to be necessary for the nonphoto-
chemical quenching in higher plants, while light-
harvesting capacity was not affected by the presence
of PsbS.?2! Although it was initially suggested that
PsbS binds both Chl and carotenoids,?’® later it was
shown that recombinant PsbS did not bind any
pigments, suggesting that if PsbS were to bind
pigments in its natural form, the binding mecha-
nisms must be different from other proteins from
LHC the family.?”® Indeed, it was recently shown that
the isolated PsbS protein is able to bind exogenous
zeaxanthin, leading to the formation of a zeaxan-
thin—PsbS complex, causing a new, red-shifted ab-
sorption band of zeaxanthin located at around 535
nm.??5 Interestingly, absorbance changes at 535 nm
were earlier associated with activation of nonphoto-
chemical quenching in higher plants'®® and the
particular absorbance change was, on the basis of
resonance Raman spectroscopy, associated with a
change of a zeaxanthin molecule.?®® Thus, the binding
of zeaxanthin to PsbS was described as an activation
of zeaxanthin that is a necessary condition for ef-
ficient energy dissipation in light-harvesting com-
plexes.??> As described in section 4.2, the presence of
PsbS was correlated to a direct population of the S;
state of zeaxanthin after excitation of either Chl-a
or Chl-b for intact thylakoids of A. thaliana.??° Since
the transient absorption spectrum of the zeaxanthin
S; state populated in this experiment differed from
that observed for zeaxanthin in solution or LHCII
complexes,'® it is possible that the zeaxanthin—PsbS
complex is directly involved in quenching of Chl
excited states.

Another interesting carotenoid-binding protein is
a water-soluble orange carotenoid protein (OCP)
isolated from certain species of cyanobacteria.?®1282
The structure of the OCP from cyanobacterium
Arthrospira maxima was recently determined with
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2.1 A resolution.?8 The high-resolution structure
revealed that OCP forms a homodimer with one
carotenoid, 3-hydroxyechinenone, per monomer. This
carotenoid belongs to the family of carotenoids pos-
sessing a conjugated carbonyl group, and its carbonyl
group is located at the end of the conjugated chain
consisting of 11 C=C bonds. Hydrogen bonding be-
tween 3-hydroxyechinenone and tyrosine and trypto-
phan residues via the conjugated carbonyl group was
inferred from the structure. Interestingly, the binding
site of 3-hydroxyechinenone in OCP is lined by a
large number of methionine residues.?® Although the
exact function remains unknown, increasing OCP
levels during exposure to intense light suggested its
possible involvement in photoprotection.?®® Various
hypotheses for the OCP function were suggested,
ranging from a carotenoid transport protein?8! to
involvement in effective singlet oxygen quenching.?8
OCP can be also converted to another form called
RCP, which is characterized by a red-shifted absorp-
tion spectrum. The OCP to RCP conversion is achieved
either by proteolysis and caused by exposure of a part
of 3-hydroxyechinenone to solvent or by acidification
of OCP to approximately pH 3.5.283

Preliminary results on excited-state dynamics of
3-hydroxyechinenone in OCP revealed a significant
effect of protein environment on excited-state dy-
namics of 3-hydroxyechinenone.?8* Absorption spectra
of 3-hydroxyechinenone in n-hexane and methanol
display a 0—0 origin of the S, state at ~475 nm; this
is shifted to ~495 nm in OCP. Interestingly, the
vibrational structure of the S, state is better resolved
in OCP, suggesting that confinement of 3-hydroxy-
echinenone in the protein prevents the wider distri-
bution of conformers. In solution, the S; lifetime of
3-hydroxyechinone is ~6 ps in methanol, n-hexane,
and CS; (Table 3), suggesting that neither polarity
nor polarizability affects S; lifetime. This suggests
that the location of the carbonyl group at one end of
the long conjugated backbone of 3-hydroxyechinenone
minimizes the polarity-induced effects, although the
typical asymmetric broadening of the absorption
spectrum is still present. While the S; lifetime is the
same in all solvents used, it is significantly shortened
to 2.6 ps in OCP, demonstrating a dramatic effect of
protein environment on the S; lifetime. The large
protein-induced change is further emphasized in
transient absorption spectra. While in solution the
S;:—Sn band of hydroxyechinenone peaks at 570 nm
in both n-hexane and methanol, this band is shifted
to nearly 650 nm in OCP, making the protein-induced
shift of the S;—Sy band in OCP the largest observed
so far.?84 This large shift may be partially due to the
presence of the methionine residues in the binding
pocket, which creates a polarizable medium that
could cause a substantial shift of both So—S, and
S;:—Sn transitions. A deeper understanding of these
effects awaits future investigations.

To complete the list of carotenoid-binding proteins
related to photosynthesis, it is necessary to mention
the presence of carotenoids in reaction centers. Caro-
tenoids have two main roles in reaction centers. First,
they quench triplet states of Chl by triplet—triplet
energy transfer to prevent interaction of Chl triplets
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with molecular oxygen, leading to formation of singlet
oxygen.?®> This function is not limited to reaction
centers and is also active in antenna complexes
where the same carotenoid molecule can perform the
light harvesting and triplet quenching as they are
well separated in time.106156.170211.212 Second, caro-
tenoids serve as alternative electron donors in the
PSII reaction center under conditions when the
primary electron-donation pathway is blocked.?86-289
Both these processes do not involve singlet excited
states (although formation of both carotenoid triplets
and radicals directly from the singlet states was
actually observed (see section 3.5), but no evidence
for such a process in reaction centers was found) and
occur on a time scale much slower (microseconds to
milliseconds) than the dynamics of singlet excited
states of carotenoids. Therefore, we limit ourselves
to underlining their importance for proper function-
ing of reaction centers (but see Note Added in Proof),
while detailed description of these processes can be
found in the aforementioned references.

4.4.3. Animal Carotenoid-Binding Proteins

Animals, including humans, have a large number
of carotenoids in various tissues. Since animals can-
not synthesize carotenoids de novo, they are acquired
from exogenous sources, and some of them are
incorporated into proteins, whose functions are much
less understood than in plants. Studies of spectro-
scopic properties of carotenoid-binding proteins from
animals are limited to two systems. The first protein
is the xanthophyll-binding protein (XBP) isolated
from human macula and retina.??° It has been known
for a long time that the yellow spot (macula lutea) of
the human retina contains large amounts of the two
xanthophylls, lutein and zeaxanthin.??:2%2 About 50%
of the total amount of the xanthophylls in the retina
is concentrated in the macula, where zeaxanthin
dominates over lutein by a ratio of 2:1.2°2 At the
center of the macula (the fovea), the zeaxanthin is
actually a 50:50 mixture of zeaxanthin and its
stereoisomer meso-zeaxanthin (Figure 20), which is

(0]
OH
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OH
0 asthaxanthin (9p202)

meso-zeaxanthin (942)

Figure 20. Molecular structures of two carotenoids oc-
curring in animal carotenoid-binding proteins. To visualize
the difference between meso-zeaxanthin and zeaxanthin,
the terminal $-ring of zeaxanthin is also shown for com-
parison. While the hydroxyl group of zeaxanthin is located
in the 3'R position, for meso-zeaxanthin this hydroxyl group
is oriented in the 3'S position. At the opposite side of the
molecule at the 3 position, the hydroxyl group is in the 3R
position for both zeaxanthin and meso-zeaxanthin.
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presumably a metabolite of lutein or zeaxanthin since
meso-zeaxanthin is not synthesized by plants and
cannot be thus acquired from exogenous sources.?%
The concentration of xanthophylls increases progres-
sively toward the center of the macula, and in the
fovea, the concentrations of these xanthophylls are
~1000-fold higher than in other human tissues.” In
the peripheral part of the retina, the concentration
of carotenoids is lower and lutein dominates over
zeaxanthin by a ratio of 2:1.7 It was recently proposed
that carotenoids in human retina are bound to a
specific protein, called XBP.2°° Transient absorption
spectroscopy was employed to study dynamics of the
S; state of the carotenoids in both carotenoid-
enriched and native XBP.?°® The results from the
native XBP and the enriched XBP were then com-
pared to those for carotenoids in organic solvents and
in detergent micelles. Both steady-state and transient
absorption spectra show that the incorporation of
xanthophylls into the protein causes a red shift of
the spectra, which is stronger for lutein than for
zeaxanthin. The S;—Sy spectra of the native XBP
protein confirmed the presence of both xanthophylls
in native XBP as they clearly consisted of contribu-
tions from lutein and (meso)zeaxanthin. While the
S; lifetime of lutein does not exhibit any changes
when measured in solution, micelles, or XBP, the S;
lifetime of meso-zeaxanthin changed from 9 ps in
solution to 12 ps in XBP. The most pronounced effect
was found for vibrational relaxation in the S; state,
which is significantly slower for xanthophylls in XBP
compared to micelles and solution. This effect was
most pronounced for meso-zeaxanthin and was at-
tributed to a specific carotenoid-binding site in XBP,
confirming the importance of this zeaxanthin stere-
oisomer in the human eye.?®® Although the time-
resolved experiments provided strong support for
specific binding of carotenoids in XBP, the physi-
ological functions of XBP still remain to be clarified.
In view of the probable photoprotective role of caro-
tenoids against degenerative eye diseases, this pro-
tein may play a central role in this function.

The second animal carotenoid-binding protein stud-
ied by spectroscopic methods is the astaxanthin-
binding protein, s-crustacyanin, responsible for the
color of lobster shells. Its crystal structure was
recently resolved with 3.2 A resolution, and the whole
pigment—protein complex was found to consist of
eight B-crustacyanin units, each of which binds two
astaxanthin molecules in a dimer consisting of two
basic building blocks called a-crustacyanin.?®* The
intriguing feature of S-crustacyanin is a large red
shift of the absorption spectrum of astaxanthin, from
472 nm in solution to 630 nm in the protein.?®> With
the help of the structural data, this large spectral
shift of the absorption spectrum was explained in
terms of a specific interaction of astaxanthin with the
protein. The carotenoid astaxanthin possesses two
carbonyl groups located symmetrically at terminal
rings involved in conjugation (Figure 20). In the
protein, hydrogen bonding via these two carbonyl
groups together with protein-induced coplanarization
of the terminal rings with the conjugated backbone
leads to significant perturbation of the central part
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of the conjugated chain and consequently to a red
shift.?942% No time-resolved studies of either s-crus-
tacyanin or astaxanthin have been reported so far,
but the availability of the high-resolution structure
of f-crustacyanin and quantum chemical calculations
on astaxanthin?%2°7 provides a good platform for
investigations of dynamical properties of astaxanthin
excited states. Such work can extend our knowledge
of coloration mechanisms of crustaceans and can
serve as an interesting model system for investiga-
tions of interactions between carotenoids and pro-
teins.

5. Carotenoids in Artificial Systems

The capability of carotenoids to serve as light-
harvesting agents in photosynthetic antenna com-
plexes on the one side and their potential to play a
role of electron donors in some photosynthetic reac-
tion centers on the other side encouraged a number
of investigations of carotenoids in artificial systems
aiming to mimic either antenna complexes or reaction
centers. Construction of carotenoporphyrin (CarP)
dyads in the early 1980s, in which a carotenoid mole-
cule is covalently linked to a porphyrin molecule,
demonstrated the possibility of carotenoids playing
both antenna (singlet—singlet energy transfer from
carotenoid to porphyrin) and photoprotective (quench-
ing of porphyrin triplets) functions in such a sys-
tem.?®® Later, extension of these dyads to triads
containing an additional electron acceptor (quinone)
capable of taking one electron from a porphyrin led
to a successful mimicking of an electron-transfer
chain.?®® In the triad, excitation of the porphyrin
promoted electron transfer from the excited porphy-
rin to the quinone (Q) and the oxidized porphyrin was
consequently reduced by electron transfer from a
carotenoid molecule, producing a charge-separated
state Car*PQ~. These carotenoid-based triads or even
pentads®® were proven to be excellent models for an
artificial reaction center, and various modifications
of these systems have been the subject of a number
of investigations during the last 20 years.3917312 The
modifications were done either in the central por-
phyrin site that was replaced by pyropheophorbide3®
or in the choice of the final electron acceptor as
imide307-309.312 or fullerene301:303:304,306 ysed instead of
quinone. Electron-transfer processes in these mol-
ecules were also studied theoretically,’® and the
functionality of the carotenoid-based triads was
demonstrated by their incorporation into a lipid
membrane. The CarPQ triads were able to carry out
light-driven generation of a proton gradient across
the membrane,%° light-driven ATP synthesis,?* or
light-driven active transport of Ca?* ions.3%? Since the
electron-transfer reactions in these triads do not
involve singlet excited states of carotenoids, the
photochemistry of these supramolecular systems will
not be described here, and a detailed account on the
dynamics of the electron-transfer steps can be found
in the references above. Nevertheless, it was dem-
onstrated that direct excitation of the carotenoid
moiety in these molecules resulted in carotenoid—
porphyrin energy transfer.
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5.1. Energy Transfer in Carotenoid-Based
Artificial Antennae

Energy transfer was studied especially for carote-
noporphyrin dyads. In the pioneering study of caro-
tenoporphyrin dyads by Bensasson et al.,?® the
importance of the mutual orientation of carotenoid
and porphyrin for efficient energy transfer was
clearly demonstrated. While for a linear arrangement
the energy-transfer efficiency was negligible, a folded
arrangement in which the carotenoid molecule bends
over the porphyrin heterocycle allowing a close
contact between the conjugated systems of both
chromophores resulted in a carotenoid-to-porphyrin
energy-transfer efficiency of 25%.2%8 Later, measure-
ments of energy transfer in a dyad consisting of a
carotenoid with conjugation length of 11 and a free-
base porphyrin yielded an efficiency of 30—35%, and
it was concluded that the energy-transfer route
utilizes the S; state of the carotenoid.®” This result
was further supported by employing a zinc—porphy-
rin with a higher acceptor state, where no caro-
tenoid—porphyrin energy transfer was observed.308
Similar results were obtained for carotenoid—py-
ropheophorbide dyads containing fucoxanthin as
energy donor. On the basis of fluorescence excitation
spectra it was concluded that the energy-transfer
efficiency is in the range 28—42% depending on the
substituents on the pyropheophorbide moiety.??? Due
to the known energetics of the donor and acceptor
states (the S; energy of fucoxanthin was known from
measurements of S; emission, see Table 1), the S;-
mediated energy transfer was suggested as the
dominant route. However, energy-transfer efficiencies
of 8—15% were also obtained when zeaxanthin was
attached to the pyropheophorbide moiety, although
the S; state of zeaxanthin was supposed to be lower
than the acceptor state, suggesting the possibility of
an active S,-route. This hypothesis was confirmed
later using femtosecond transient absorption spec-
troscopy. Debreczeny et al.®'* reported energy trans-
fer via the S; state of fucoxanthin in a series of
carotenoid—pyropheophorbide dyads yielding an ef-
ficiency of 12—44%. The S; lifetime of fucoxanthin,
measured by the decay of the S;—Sy absorption, was
67 ps without the presence of the pyropheophorbide
moiety, and it was shortened to 38 ps when co-
valently linked to the pyropheophorbide acceptor,
signaling energy transfer via the S; state. The S;-
mediated energy transfer was further confirmed by
measurements of the rise of pyropheophorbide bleach-
ing at 682 nm perfectly matching the decay of the
fucoxanthin S; state. The shortening of the carotenoid
S; lifetime from 67 to 38 ps represented the best case
of five different pyropheophorbide acceptors, corre-
sponding to an efficiency of 44% and a S;-mediated
energy-transfer rate of (86 ps) 1.3 When fucoxanthin
was replaced by zeaxanthin, attachment of the caro-
tenoid to the pyropheophorbide moiety did not affect
the S; lifetime of zeaxanthin, showing that no energy
transfer via the S; state of zeaxanthin took place.
Nevertheless, in accord with the previous study,???
energy transfer utilizing the S, route was observed
for the zeaxanthin—pyropheophorbide dyad as a
shortening of the S;—Sy absorption rise time, reflect-
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ing the S,—S; relaxation of zeaxanthin. While no
changes of the rise time were detected in the case of
fucoxanthin, it changed from 203 to 184 fs in going
from zeaxanthin to the zeaxanthin—pyropheophor-
bide dyad, indicating competition of the S,—S; relax-
ation with the S,-mediated energy transfer in the
dyad. The efficiency of the S, pathway was 4—15%
depending on the type of pyropheophorbide acceptor,
and on the basis of some calculations, the Qy state of
pyropheophorbide was suggested as the energy ac-
ceptor.314

The S; pathway was also observed in similar dyads
containing pyropheophorbide as acceptor and either
fucoxanthin or peridinin as energy donors.3!® Since
the S; energies of both these carotenoids are well
above the Qy state of pheophorbide (Table 1), the S;-
mediated energy transfer occurred with efficiencies
of 24% and 54% for fucoxanthin and peridinin,
respectively. The higher efficiency for the peridinin—
pyropheophorbide dyad was rationalized in terms of
a longer S; lifetime of peridinin.®!® Since the charge-
transfer character and corresponding strong depen-
dence of the lowest peridinin excited state on solvent
polarity (see section 3.2) was discovered later, we can
now see that the mildly polar solvent toluene used
in this study indeed justifies this conclusion. A
subsequent study of these dyads in different solvents
showed that in the polar solvent ethanol the energy-
transfer efficiency dropped significantly for the pe-
ridinin—pyropheophorbide dyad,®'® and it was hy-
pothesized that in polar solvents the dyad took a
different conformation that was not favorable for
efficient energy transfer. In light of the current
knowledge of peridinin excited-state dynamics (see
section 3.2), it is also possible that the decrease of
energy-transfer efficiency instead reflected the short-
ening of the S,/ICT lifetime of peridinin in polar
solvents, making the energy transfer less competitive
with Sy/ICT internal conversion.

The opposite situation, when solely the S, pathway
is active in energy transfer, was observed recently
for a dyad consisting of a modified f-carotene co-
valently linked to a purpurin.3’ Experiments em-
ploying fluorescence up-conversion revealed S, life-
times of 150 and 40 fs for the carotenoid model and
the carotenopurpurin dyad, respectively. This short-
ening of the S, lifetime yielded an efficiency of 73%
for S;-mediated energy transfer, higher than that for
most of the natural photosynthetic light-harvesting
antennae. On the other hand, no change of the
carotenoid S; lifetime was observed in the caro-
tenopurpurin dyad, signaling the absence of the S;
route in this dyad.3'” This result, together with those
for the dyads described in the previous paragraph,
mimic nicely the energy-transfer pathways in natural
systems, where light-harvesting complexes such as
LHCII accommodating non-carbonyl carotenoids
mainly utilize the S,-mediated transfer but antennae
employing carbonyl carotenoids such as peridinin or
fucoxanthin employ predominantly the S; route (see
section 4).

Recently, another type of artificial antenna complex
based on carotenoids was reported. Two 8'-apo-f-
carotene molecules were linked as axial ligands to a
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phthalocyanine derivative via its central silicon
atom.®8 Fluorescence excitation spectra revealed an
overall carotenoid—phthalocyanine energy-transfer
efficiency exceeding 95%, and contrary to the dyads
discussed above, both S; and S, pathways operate
with a substantial efficiency. Using fluorescence up-
conversion, the efficiency of the S;-mediated pathway
was found to be 35% since the S, lifetime decreased
from 82 fs for the carotenoid alone to 53 fs for the
carotenoids linked to the Si—phthalocyanine. The
S; route was explored by monitoring the rise of
Si—phthalocyanine emission in the 670—690 nm
spectral region. A 2.6 ps rise component was ascribed
to energy transfer via the S; state of the carotenoid.
Given the S; lifetime of the 8'-apo-S-carotene of 24
ps in solution (see also Table 2), the efficiency of this
energy-transfer channel was concluded to be 90%,
contributing 58% to the total energy-transfer ef-
ficiency in this system.3!® Later, the relaxation path-
ways disclosed by fluorescence up-conversion were
further verified by transient absorption measure-
ments of this antenna system. In the transient
absorption study, the artificial antenna system con-
taining 8'-apo-f-carotene (N = 9) described above was
compared to another system in which two 6'-apo-£-
carotene (N = 10) molecules were attached to Si—
phthalocyanine.''* The S, lifetimes were shortened
from 73 (N = 9) and 66 fs (N = 10) in solution to 55
fs in the triad, resulting in ~30% efficiency of the S,
energy-transfer channel for both systems. On the
other hand, the energy transfer via the S; state is
strikingly different. While for the triad containing the
shorter carotenoid the S; lifetime is 4 ps, thus
markedly shorter than 25 ps observed in n-hexane
solution, only a small change of the S; lifetime, from
11.5 ps in n-hexane to 8.8 ps in the triad, was
revealed for the longer carotenoid. The resulting
efficiencies of the S;-mediated energy transfer yield
84% and 23% for the triads containing carotenoid
with N = 9 and 10, respectively. The dramatic
difference between S;-mediated energy-transfer ef-
ficiency explains the large discrepancy between total
energy-transfer efficiencies of 92% and 30% that were
calculated from fluorescence excitation spectra of
both triads. Thus, the transient absorption measure-
ments confirmed the energy-transfer scheme con-
structed on the basis of fluorescence up-conversion.
In addition, however, it also revealed an additional
feature that could not be detected by the fluorescence
up-conversion technique. By analysis of the transient
absorption spectra in the visible region, Kodis et al.
have shown that the recently discovered S* state (see
section 3.3) is populated when a carotenoid is at-
tached to Si—phthalocyanine.'* While no S* state
was detected for both carotenoids in n-hexane solu-
tion, the presence of the S* state was unequivocally
demonstrated for both triads. While the spectral
position of the band corresponding to the S* ESA is
different for the two triads (506 nm for N = 9, 525
nm for N = 10), dynamics of the S* state is virtually
identical in both systems. About 20% of the initially
excited S, population goes to the S*, whose lifetime
is 26 ps, independent of the triad. Nevertheless, an
important difference was found when probing energy
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transfer via formation of the Si—phthalocyanine
bleaching at 690 nm. While for the longer carotenoid
no rise component matching the S* lifetime was
found, in the case of the carotenoid with N = 9, a
clear rise component having a time constant of 26
ps was detected. Thus, for the triad with the shorter
carotenoid the S* state also represents an energy
donor, while in the other case the S* state exhibits
only one relaxation pathway toward the ground state.
As pointed out by Kodis et al.,*'* this situation
resembles well the behavior of spheroidene (N = 10)
and spirilloxanthin (N = 13) in LH2 complexes,
where the former is capable of transfering energy via
the S* state while the latter is inactive.!*'"113 The
appearance of the S* state in artificial and natural
antenna complexes is also worth comparison. Since
for spheroidene and both carotenoids used in the
triads there was no signature of the S* state when
carotenoids are dissolved in solution, in both LH2 and
artificial antenna it is the interaction with environ-
ment that directs the S, population toward the S*
state. It was suggested that the S* state is stabilized
due to a strong electronic coupling to nearby pig-
ments, since such a situation occurs in both LH2,
where carotenoid and Bchl molecules are very close,
and in the artificial system where the coupling is
achieved by covalent bonding of carotenoid to the
Si—phthalocyanin.''4 Contrary to LH2, in which the
S* state is also an efficient precursor of ultrafast
triplet formation,?0111-113 no triplet formation from
the S* state was observed for artificial systems.'4
This observation is in a good agreement with the
hypothesis that deviation of carotenoid from a planar
all-trans conformation caused by protein environ-
ment is an important factor governing the S* to
triplet conversion,’? as no such deformation of a
carotenoid molecule occurs in the artificial triads.

In addition to the very efficient energy transfer, a
significant quenching of the Si—phthalocyanine ex-
cited state was observed for both triads when they
were dissolved in polar solvents. After excitation of
Si—phthalocyanine at 680 nm, the Si—phthalocya-
nine excited-state decayed with a time constant of 6
ps in tetrahydrofuran,3® and an even shorter lifetime
of 2.5 ps was found when dissolved in benzonitrile,*'4
although a nanosecond lifetime was observed in
toluene.?!® The quenching was ascribed to the forma-
tion of a charge-separated state that in a polar
solvent is low enough to quench the Si—phthalocya-
nine excited state. This hypothesis was further
confirmed by observation of the carotenoid radical in
the near-infrared region, whose formation time
matched the decay of Si—phthalocyanine excited
state.’'4318 The charge-separated state, which is
formed with an efficiency of nearly 100%, has a very
short lifetime, recombining back to the ground state
with a time constant of 25 (triad with N = 9 in
tetrahydrofuran),3® 10.5 (triad with N = 9 in ben-
zonitrile),''* and 17 ps (triad with N = 10 in ben-
zonitrile).'* A similar ultrafast formation of a short-
lived carotenoid radical was recently observed also
in light-harvesting complexes of purple bacteria
(section 4.1 and Figure 14).92 Although the detailed
mechanisms behind the ultrafast electron-transfer
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reactions in light-harvesting antennae are still un-
known, these results demonstrate the potential im-
portance of the carotenoid radical formation in these
systems, since electron-transfer quenching was sug-
gested to be one of the possible photoprotective
mechanisms leading to the dissipation of excess
energy in photosynthetic organisms.?26-230

5.2. Ultrafast Electron Transfer at a
Carotenoid—Semiconductor Interface

Besides artificial reaction centers and light-har-
vesting antennae, carotenoids were also investigated
as prospective sensitizers for the so-called Gratzel
solar cells. The heart of the Gratzel cell is a dye—
semiconductor interface in which the semiconductor
is represented predominantly by TiO, nanoparticles
while a large number of various dyes were investi-
gated as potential sensitizers. Excitation of the dye
promotes ultrafast electron injection into the conduc-
tion band of TiO,. After being injected, the electron
is further transported through the spongelike net-
work of TiO, nanoparticles into an outer electrical
circuit to perform work.31°

The sensitizer is usually attached to the surface of
the TiO, nanoparticles via a carboxylic group, which
is not present in naturally occurring carotenoids.
Therefore, various chemically prepared carotenoic
acids were used as sensitizers. The feasibility of
attachment of a carotenoid to the surface of the TiO,
semiconductor was first demonstrated for all-trans-
retinoic acid (ATRA), a short carotenoid-like molecule
having a backbone consisting of five C=C bonds
terminated by carboxylic group.®?® Excitation of a
colloidal solution of ATRA—TIiO, system at 355 nm
produced a new, long-lived (up to 10 ns) spectral band
in the transient absorption spectrum centered at 600
nm. This band was formed within the first 200 ps
and ascribed to the ATRA radical cation resulting
from efficient electron injection from the S; state of
ATRA. Formation of the carotenoid cation radical as
a result of electron injection was further confirmed
for a few different carotenoids attached to TiO,
nanoparticles by means of EPR spectroscopy.3?!

A functional solar cell consisting of the ITO work-
ing electrode coated with TiO, film sensitized by
8'-apo-f-caroten-8'-oic acid (ACOA) was recently con-
structed.??? The absorption spectrum of ACOA at-
tached to the TiO, surface was substantially blue
shifted as compared to solution, suggesting partial
aggregation of ACOA on the surface.’?® At the ab-
sorption maximum (426 nm), incident photon-to-
photocurrent conversion efficiency (IPCE) reached
34%, further confirming the ability of carotenoids to
act as sensitizers in Gratzel-type solar cells. Simi-
larly, Langmuir—Blodgett films of carotenoids de-
posited directly on ITO electrodes were also proven
to generate photocurrents on the order of a few
nA/cm‘2.324’325

Deeper insight into the electron-transfer processes
at the carotenoid—TiO, interface was obtained by
time-resolved spectroscopy measurements applied to
a system consisting of TiO, nanoparticles sensitized
by ACOA in a colloidal solution.3?® The concentrations
of TiO, and ACOA were set to ensure a ratio of less
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than one ACOA molecule per particle to avoid ag-
gregation of ACOA molecules at the surface. Excita-
tion of the attached ACOA molecule into its S, state
resulted in ultrafast formation of the ACOA radical
cation formed as a product of electron injection into
the TiO; conduction band. On the basis of Kinetics
recorded at various wavelengths corresponding to
formation of the ACOA radical cation, ACOA bleach-
ing, and the S;—Sy transition, it was concluded that
the radical cation is formed directly from the S, state
with an efficiency of ~40%. The remaining 60%
underwent internal conversion to the S; state. Inter-
estingly, however, although the S; state was ther-
modynamically favorable for donating electrons to the
TiO, conduction band, no electron injection from the
S; state was observed, as confirmed by the same S;
lifetime of ACOA both in solution and attached to
Ti0,.3%6 The formed radical cation was stable, decay-
ing by electron recombination on a broad range of
time scales extending from nanoseconds to mil-
liseconds, thus rationalizing the relatively high IPCE
observed earlier.3?? Interestingly, two channels of
electron recombination forming either ACOA ground
state or ACOA triplet state were detected. Such
ambivalent electron recombination was also observed
for other electron-transfer systems containing caro-
tenoids, 3933277329 and it was explained by the fact that
electron recombination to the ground state involved
a higher driving force in the Marcus inverted region,
making the recombination to form the carotenoid
triplet state kinetically more favorable.®93326 An
analogous injection—recombination scheme was re-
cently concluded on the basis of femtosecond tran-
sient absorption spectroscopy of ATRA attached to
TiO, nanoparticles in colloidal solution,3° despite
large differences between excited-state properties of
ACOA and ATRA. Electron injection from the ini-
tially excited state of ATRA occurs with a time
constant of 350 fs, while no S; injection from the S;
state of ATRA was detected, although a slower, 1.8
ps injection was hypothesized to occur from a *nz*
state occurring below the absorbing S, state.®3°
Contrary to ACOA, however, the ATRA—-TIO, system
exhibits much faster electron recombination with the
dominant recombination pathway forming the triplet
state of ATRA with time constant of 19 ps while the
less-favorable recombination to the ground state
occurs with a 140 ps time constant.3%
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7. Note Added in Proof

Energy transfer from a carotenoid to BChl in
reaction center was recently demonstrated. In the
reaction center of Rb. sphaeroides, carotenoid sphe-
roidenone transfers energy to BChl-a with 75%
efficiency utilizing the S; route.®3!
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